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ABSTRACT  
   
 
Carboxylic acids are an abundant and reactive species present throughout our 
solar system.  The reactions of carboxylic acids can shape the organic abundances within 
oil field brines, carbonaceous chondrites, and different ranks of coal. 
I have performed hydrothermal experiments with model aromatic carboxylic acids 
in the presences of different oxide minerals to investigate the reactions available to 
carboxylic acids in the presence of mineral surfaces.  By performing experiments 
containing one organic compound and one mineral surface, I can begin to unravel the 
different reactions that can occur in the presence of different minerals. 
 I performed experiments with phenylacetic acid (PAA), hydrocinnamic acid 
(HCA) and benzoic acid (BA) in the presence of spinel (MgAl2O4), magnetite (Fe3O4), 
hematite (Fe2O3), and corundum (Al2O3).  The focus of this work was metal oxide 
minerals, with and without transition metal atoms, and with different crystal structures.  I 
found that all four oxide minerals facilitated ketonic decarboxylation reactions of 
carboxylic acids to form ketone structures.  The two minerals containing transition metals 
(magnetite and hematite) also opened a reaction path involving electrochemical oxidation 
of one carboxylic acid, PAA, to the shorter chain version of a second carboxylic acid, 
BA, in experiments starting with PAA.  Fundamental studies like these can help to shape 
our knowledge of the breadth of organic reactions that are possible in geologic systems 
and the mechanisms of those reactions.   
           
  ii 
DEDICATION  
   
 
To my father. 
Even though he passed away before this work was completed and he did not get the 
chance to see his daughter achieve her goals, his dreams and hopes live on in my 
endeavors. 
Science is built on a backbone of work that others began long before you started. 
I will continue to learn and grow in your memory, Daddio. 
Watch me. 
           
  iii 
ACKNOWLEDGMENTS  
   
  
 Graduate school is not for the faint of heart, but if you are very lucky and 
surround yourself with people who can challenge and support you in the times when life 
is less than ideal, you might just emerge better than you entered.   
 I will start by thanking the past and present members of the HOG (Hydrothermal 
Organic Geochemistry) research group at ASU (Chris, Ziming, Jessie, Kirt, Kris, and 
Christa) and the professors who founded the collaboration (Everett, Hilairy, Lynda, and 
Ian) for wonderful, thorough, and thought-provoking conversations over the years.  I also 
thank the ASU Leroy Eyring Center for Solid State Science and Goldwater 
Environmental Lab for their assistance with instrumentation.  I thank all the members of 
GEOPIG that have joined and left us over the years, and my fellow graduate students 
who have been a pleasure to meet and get to know.  I also thank NASA and NSF for 
funding this research.  Finally, a thank you to my husband, Pat, for his patience and 
support.  He has been my pillar through dark times.  His constant insistence that this path 
was of my own choosing reminds me that I can never afford to give up on my dreams.  
Thank you all for your support.  It means a great deal to me.   
It has been challenging and it has been difficult, but I believe (and hope) that I 
have been made stronger by the experiences and advice I have received from you all 
along the way.   
 Thank you. 
TABLE OF CONTENTS  
                       Page 
LIST OF TABLES ................................................................................................................. vii  
LIST OF FIGURES .............................................................................................................. viii  
PREFACE........... ..................................................................................................................... x 
CHAPTER  
1 INTRODUCTION: GEOLOGIC CARBOXYLIC ACIDS .................................... 1 
Carboxylic Acids in Carbonaceous Chondrite Meteorites .......................... 1 
Functional Groups in Coal .......................................................................... 4 
Oil Field Brines ........................................................................................... 6 
Reactivity of Organic Compounds at Hydrothermal Conditions ................ 8 
Justification and Overview of the Current Study ........................................ 9 
2 KETONIC DECARBOXYLATION: EXPERIMENTS AND MECHANISM ... 13 
Decarboxylation and Ketones ................................................................... 13 
Experimental Methods & Analysis ........................................................... 17 
Experimental Results with Spinel ............................................................. 21 
Discussion of Organic Reactions .............................................................. 24 
Kinetic Scheme for Spinel Experiments ................................................... 27 
PAA with Other Metal Oxide Minerals .................................................... 32 
Ketone Formation Mechanism .................................................................. 34 
HCA and Magnetite .................................................................................. 40 
Application of These Findings .................................................................. 44 
 CHAPTER                       Page 
  v 
3 EVIDENCE FOR ELECTROCHEMICAL OXIDATION ON A SURFACE ..... 47 
Introduction & Background ...................................................................... 47 
Methods..................................................................................................... 51 
Experiments with PAA and Magnetite or Hematite ................................. 53 
Benzoic Acid with Magnetite ................................................................... 56 
Consumption of Benzoic Acid in PAA with Magnetite ........................... 58 
Reaction Scheme for PAA with Magnetite and Hematite ........................ 59 
13C-Labelled PAA Results ........................................................................ 62 
Mechanism of Benzoic Acid Formation from Phenylacetic Acid ............ 63 
Complexity of Reaction with Addition of Mineral Properties.................. 68 
HCA Reactions – Complexity from Organic Structures........................... 72 
4 ALTERATIVE REACTION SCHEME EXPLANATIONS ................................ 76 
Applying Experimental Results to a Previous Study ................................ 76 
Reactions of the McCollom and Seewald Scheme ................................... 79 
Aromatic Analogs for Aliphatic Acids ..................................................... 81 
Ketonic Decarboxylation and Electrochemical Oxidation ....................... 88 
The Formation of Longer Alkanes ............................................................ 93 
Other Potential Decarboxylation Reactions .............................................. 96 
A Caveat of Sulfide Mineral Effects ......................................................... 98 
  
 CHAPTER                       Page 
  vi 
5 THERMODYNAMIC CALCULATIONS AND WAYS FORWARD ............. 101 
Thermodynamic Calculations as Support for Experimental Results ...... 101 
Selected Reactions of Pentanoic, Butanoic, and Propanoic Acid ........... 102 
Selected Reactions for Acetic Acid ........................................................ 104 
Selected Reactions of 2-Butanone .......................................................... 108 
Continued Calculations ........................................................................... 110 
A Fundamental Approach and Future Ideas ........................................... 112 
 REFERENCES..................................................................................................................... 116  
APPENDIX 
     A      SEM IMAGES OF SPINEL USED IN EXPERIMENTS  .................................  135  
B      SEM IMAGES OF MAGNETITE USED IN EXPERIMENTS  ........................ 138  
C      SEM IMAGES OF HEMATITE USED IN EXPERIMENTS  ............................ 141  
D      SEM IMAGES OF CORUNDUM USED IN EXPERIMENTS  ....................... 144  
E      SEM IMAGES OF QUARTZ USED IN EXPERIMENTS  ............................... 147  
F      SEM IMAGES OF SPHALERITE BEFORE EXPERIMENTS  ........................ 150  
G      SEM IMAGES OF SPHALERITE AFTER EXPERIMENTS  .......................... 153  
BIOGRAPHICAL SKETCH ................................................................................................ 156  
 
 
  
  
  vii 
LIST OF TABLES 
Table Page 
1.1       Organic Classes in Murchison and Tagish Lake Meteorites  ............................... 2 
1.2       Aromatic Carboxylic Acids in Murchison and Orgueil Meteorites ..................... 3 
2.1       Crystal Structure Properties for Selected Metal Oxide Minerals  ...................... 16 
2.2       Starting Materials and Products for PAA with Spinel  ...................................... 23 
2.3       Starting Materials and Products for DBK with Spinel  ...................................... 24 
2.4       Rate Constants for Reactions of PAA with Spinel  ............................................ 31 
2.5       Starting Materials and Products for PAA with Metal Oxides  ........................... 33 
2.6       Starting Materials and Products for HCA with Magnetite  ................................ 43 
3.1       Electrochemical Properties for Selected Metal Oxides  ..................................... 50 
3.2       Starting Materials and Products for PAA with Magnetite or Hematite  ............ 55 
3.3       Starting Materials and Products for BA with Magnetite  ................................... 57 
4.1       Mineral Buffer Abbreviations  ............................................................................ 77 
4.2       Starting Materials and Products for HCA with Pyrite ....................................... 99 
5.1       Starting Materials and Products for PAA with NaCl  ...................................... 115 
 
  
  viii 
LIST OF FIGURES 
Figure Page 
1.1       Aromatic Carboxylic Acid Structures in Meteorites  ........................................... 4 
1.2       Carboxylated Pyridine Structures in Meteorites  .................................................. 4 
1.3       Coal Rank Structures  ............................................................................................ 5 
1.4       Reaction Scheme for Carboxylic Acids in Oil Field Brines  ............................... 7 
2.1       Equilibrium constants (K) vs. Temperature for Acetone Formation  ................ 14 
2.2       Experimental Setup Flowchart ............................................................................ 18 
2.3       PAA, TOL, and DBK (mole %) with Spinel vs. Time (h) ................................. 22 
2.4       Toluene from DBK (mole %) with Spinel vs. Time (h)..................................... 23 
2.5       Kinetic Product Schematic for PAA with Spinel  .............................................. 28 
2.6       Kinetic Model for PAA (mole %) with Spinel vs. Time (h) .............................. 30 
2.7       PAA, TOL, DBK, and TSB (mole %) with Metal Oxides vs. Time (h)  .......... 32 
2.8       Ketonic Decarboxylation Mechanism on Spinel ................................................ 35 
2.9       3D Model of Ketone Intermediate on Spinel  ..................................................... 37 
2.10     HCA, EB, and, DPEK (mole %) with Magnetite vs. Time (h) .......................... 40 
2.11     Product Schematic for HCA with Magnetite  ..................................................... 42 
2.12     Schematic Comparison for Seewald vs. HOG Reactions  ................................. 45 
3.1       DBK Formation vs. Carboxylic Acid Oxidation Schematic  ............................. 47 
3.2       PAA and TOL (mole %) with Magnetite or Hematite vs. Time (h)  ................. 53 
3.3       PAA Products (moles %) with Magnetite or Hematite vs. Time (h)  ................ 54 
3.4       BA (mole %) with Magnetite vs. Time (h) ......................................................... 56 
3.5       BA, BENZ, and PAPO (mole %) vs. Time (h)  ................................................. 58 
  
  ix 
LIST OF FIGURES 
Figure Page 
3.6       Reaction Schematic for PAA with Magnetite  ................................................... 59 
3.7        Electrochemical Oxidation Mechanism ............................................................. 64 
3.8       Total Surface Reaction Mechanisms - Schematic Summary ............................. 69 
3.9       Simplified Total Surface Reaction Summary  .................................................... 71 
3.10     Reaction Schematic for HCA with Magnetite .................................................... 73 
4.1       McCollom and Seewald Revisited Schematic  ................................................... 79 
4.2       Aromatic to Aliphatic Acid Analogs  ................................................................. 82 
4.3       Acetic Acid vs. PAA Schematic Analogs  ......................................................... 84 
4.4       Propanoic Acid vs. HCA Schematic Analogs .................................................... 86 
4.5       2-Ketone Formation From Acetic Acid  ............................................................. 89 
4.6       Reimagined Pentanoic Acid Scheme with Some Ketones  ................................ 91 
4.7       Symmetrical Aliphatic Ketone Structures to n-Alkanes  ................................... 94 
4.8       Ketone Structures and Radical Coupling Products  ........................................... 95 
4.9       HCA (mole %) with Pyrite vs. Time (h)  ............................................................ 98 
5.1       LogK vs. Temperature for Aliphatic Acids  ..................................................... 103 
5.2      LogK vs. Temperature for Acetic Acid from McCollom and Seewald ............ 105 
5.3      LogK vs. Temperature for Acetic Acid from Current Study  ........................... 107 
5.4      LogK vs. Temperature for 2-Butanone  ............................................................. 109 
5.5      PAA and TOL (mole%) with NaCl vs. Time (h) .............................................. 114 
 
  
  x 
PREFACE  
 
My research in hydrothermal organic geochemistry (HOG) experiments stemmed 
from interest in carbonaceous chondrite meteorites.   Initially, I was trying to perform 
experiments with simple meteoritic types of amino acids.  Quickly, we came to realize 
how little we understood about how other, simpler organic material in meteorites had 
been altered by processes on the meteorite parent body.  Additionally, a divide existed 
between mineralogists and organic chemists when analyzing these meteorites.  A niche 
was available for someone who cared about both organic compounds and minerals.  I 
decided to bridge that divide.  Carboxylic acids are abundant in meteorites, existing in 
contact with minerals.  The HOG group at ASU had experience working with carboxylic 
acids from previous studies.  My research began there.  I explore the formation of new 
reaction paths and product distributions from model organic acids in the presence of 
minerals. I carefully hold at least one property constant when designing experiments to 
probe the influence of mineral properties on the organic reaction landscape.  There is a 
great deal of experimental and computational work yet to be done in this field, but I 
believe that more fundamental types of experiments with model compounds will be a 
necessity moving forward.  My work is an example of such studies.  I hope that by the 
end of this dissertation, I will have convinced you of the strength available from such 
work and the need for more studies like it in the future. 
 
Kristin Nicole Johnson
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CHAPTER 1 
INTRODUCTION: GEOLOGIC CARBOXYLIC ACIDS  
 Carboxylic acids are found in contact with minerals in many different geologic 
environments.  Organic compounds containing carboxylic acid functional groups exist in 
carbonaceous chondrite meteorites, coal and lignin deposits, and oil field brines.  
Experimental investigations of carboxylic acids can provide insight into the reactivity of 
carboxylic acids in geologic systems.  Hydrothermal experiments with carboxylic acid 
compounds and specific minerals may have application to green chemistry, fuel 
generation, and origin of life studies by investigating the role of minerals in the reactions 
of carboxylic acids.  My work focuses on hydrothermal experiments of carboxylic acids 
in contact with different mineral structures. 
Carboxylic Acids in Carbonaceous Chondrite Meteorites 
 The discovery of the Murchison meteorite provided a window into the diverse 
array of organic compounds possible in meteoritic material.  Compared to previous 
carbonaceous chondrites, Murchison was rich in organic matter.  Acetone, aromatic 
structures like toluene, and an abundance of alkanes, alkenes, and nitrogen containing 
compounds were extracted from samples of Murchison soon after its collection (Hay 
1967; Levy et al. 1978).  More classes of organic structures were discovered as different 
extraction methods were utilized (Pizzarello et al. 2006; Pizzarello 2006; Martins 2011).  
The abundance of carboxylic acids, dicarboxylic acids, hydroxy acids and amino acids as 
found from the Murchison and Tagish Lake meteorites are listed in Table 1.1.  The table 
is a compilation from several different research groups of the abundance of organic 
classes and the number of individual compounds within that class that were identified.  I 
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have included aromatic hydrocarbons, aliphatic hydrocarbons, and ketones for 
comparison (Pizzarello et al. 2006; Pizzarello 2006; Martins 2011).  Many more organic 
compound classes have also been discovered in the Murchison meteorite, but I will focus 
on carboxylic acids and the potential products of reactions involving those organic acids.  
Murchison has both a higher abundance and diversity of carboxylic acids and carboxylic 
acid containing compounds than the Tagish Lake meteorite, but carboxylic acids are the 
most abundant class of compounds in both cases. 
 
Table 1.1.  Selected organic chemical species found in the Murchison and Tagish Lake 
meteorites (Pizzarello et al. 2006; Pizzarello 2006; Martins 2011) 
 Murchison Tagish Lake 
Class 
Conc. 
(ppm) 
Compounds 
Identified 
Conc. 
(ppm) 
Compounds 
Identified 
Carboxylic acids 332 48 40 7 
Dicarboxylic acids >30 18 18 17 
Hydroxy acids 15 7 b.d. 0 
Amino acids 60 74 <0.1 4 
     
Aromatic 
hydrocarbons 
15-28 87 >1 13 
Aliphatic 
hydrocarbons 
>35 140 5 12 
     
Ketones 17 n.d. b.d. 0 
n.d. = not determined 
b.d. = below detection 
   
 
 Aromatic carboxylic acids have also been detected and identified from meteorite 
extracts of Murchison and Orgueil (Table 1.2, Martins et al. 2006).  Example structures 
for the aromatic compounds identified in Table 1.2 are presented in Figure 1.1, including:  
dicarboxylic aromatic acids, hydroxy aromatic acids, and phthalic acids.  Benzoic acid 
(BA) and phenylacetic acid (PAA), two of the carboxylic acid structures that were 
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experimentally investigated in my work, were also identified from these meteorite 
extracts.  In addition to these aromatic structures, more complex carboxylic acids such as 
carboxylated pyridines have been found in carbonaceous chondrites as illustrated in 
Figure 1.2 (Pizzerello et al. 2006).   
 
Table 1.2.  Free aromatic acids and dicarboxylic acids detected in Murchison 
and Orgueil (Martins et al. 2006) 
Compound 
Murchison Orgueil 
Abundance  
(ng g-1) 
Abundance  
(ng g-1) 
Aromatic carboxylic acids 47 100 
Benzoic acid 1.4 0.3 
2-methylbenzoic acid (+ phenylacetic acid) 0.8 0.4 
3-methylbenzoic acid 0.8 0.3 
4-methylbenzoic acid 44 0.4 
2- & 3-hydroxybenzoic acid 24 0.3 
Methylhydroxybenzoic acids 40 0.4 
   
Aromatic dicarboxylic acids   
1,2-phthalic acid 320 6.9 
1,3-phthalic acid 46 b.d. 
1,4-phthalic acid 540 2.0 
Methylphthalic acid 33 b.d. 
b.d. = below detection 
 
 It is widely accepted that meteorite parent bodies for the carbonaceous chondrite 
meteorites have undergone aqueous alteration, some degree of heating or both (McSween 
1987; Sephton 2002).  Carbonaceous chondrite meteorites are classified by the extent to 
which they appear to have undergone these processes.  For example, the parent body for 
the Orgueil meteorite have undergone aqueous alteration, but at low temperature (Nagy et 
al. 1963).  The degree to which the environment altered organic compound structures in 
meteorites, the extent of aqueous alteration specifically, and the role the mineral matrix 
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plays in these reactions is currently 
unknown and thus a fruitful area of 
study for researchers to explore.  
Amino acids have been investigated as 
analogs for meteorite parent body 
alteration (Glavin et al. 2011; Burton et 
al. 2014) and continue to be explored.  
A possible explanation for organic 
compound alteration could be the reactions between 
minerals and organic acids of the meteorite parent body in 
the presence of water (Schulte and Shock 2004); if so, 
such reactions could impact the overall meteorite organic 
composition as well as the mineralogical composition.  The extent of these reactions is 
likely influenced by the temperatures reached by the meteorite parent body during its 
maturation.  Depending on the temperature, certain products could be more abundant than 
others.  For example, an equilibrium geochemical model calculation predicts that ketones 
may be less abundant at temperatures below 100 ⁰C while carboxylic acids remain an 
abundant species ranging from 2 ⁰C to 200 ⁰C (Schulte and Shock 2004). 
Functional Groups in Coal 
 In the carbonaceous chondrite meteorites, aromatic organic structures have been 
observed and aromatic character has been observed within the insoluble organic matter 
(IOM) (Cody and Alexander 2005; Cody et al. 2011).  Aromatic structures can also be 
found in various ranks of coal.  In fact, coal itself is ranked according to the aromaticity 
 
 
Figure 1.1:  Examples of aromatic 
carboxylic acid structures in carbonaceous 
chondrites. 
 
 
Figure 1.2:  Examples of 
carboxylated pyridines 
(Pizzarello et al. 2006).  
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of its structure and its retention of 
various functional groups at 
different stages of maturation. 
Lower rank coals still contain the 
organic starting material, peat, at 
low abundance.  Maturation from 
low rank coal to high rank coal 
involves the loss of functional 
groups, in favor of more 
aromatized structures (Siskin and 
Katritzky 1991, 2001; Vasireddy 
et al. 2010).  Oxygen-containing 
functional groups primarily exist 
at lower ranks, unless they are 
associated with aromatic 
structures, like phenols (Siskin 
and Katritzky 1991; Stock and 
Obeng 1997).  Carboxylic acid 
function groups exist up to the 
subbituminous stage; at which 
point, decarboxylation occurs.  
Carboxylic acid groups can continue to exist into the bituminous stage, but not beyond 
(Siskin and Katritzky 1991).  Example structures for each of the different coal ranks and 
 
Figure 1.3:  Coal rank in order of decreasing 
oxygen-containing functional groups and 
increasing aromaticity from bottom to top 
(Vasireddy et al. 2010).  Dotted bonds indicate 
continuation of the organic structure.   
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the functional groups associated with those stages are illustrated in Figure 2.3 (adapted 
from Vasireddy et al. 2010).  Lignite contains several oxygenated functional groups 
including carboxylic acids, alcohols and ether bonds.  Decarboxylation occurs early in 
coal maturation, before the high-volatile bituminous stage, resulting in more aromatic 
structures as heat and pressure increase.  The effect that decarboxylation plays in the 
progressive formation of more aromatic structures has been experimentally explored 
(Eskay et al. 1996; Siskin and Katritzky 2001; Dabestani et al. 2005) through 
investigations of aromatic carboxylic acids and their carboxylates.  The results of these 
studies indicate that decarboxylation can cause the formation of new C-C bonds between 
aromatic structures by activating a nucleophilic intermediate.  If the same reactions occur 
in coal beds, decarboxylation could set the stage for additional C-C bonds and further 
cyclization of organic structures between aromatic components, a necessary step in coal 
maturation (Eskay et al. 1997; Siskin and Katritzky 2001).  The influence of interactions 
between the organic and the inorganic/mineral components of coal and the extent those 
reactions influence maturation has been investigated but focused on the breakdown of 
coal material and the use of minerals to generate C-C bonds between coal structures 
(Brooks et al. 1983; Seewald et al. 2000; Seewald 2003).  The specific details of 
mechanistic interaction between these phases has not been determined.   
Oil Field Brines 
 Carboxylic acids are widespread in oil-field brines.  The brines can exist at depths 
of ~1 km below the Earth surface and have temperatures that range between ~90°C and 
~250°C, serving as prime locations for hydrothermal organic reactions (Willey et al. 
1975; Fisher 1987; MacGowan & Surdam 1990; Barth 1991; Lundegard and Kharaka 
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1994).  The types of carboxylic acid structures identified in oil field brines include short-
chain aliphatic acids like acetic acid, propanoic acid, n-butanoic acid, iso-butanoic acid; 
some of the longest are species like n-valeric acid and iso-valeric acid.  In the brines, 
these aliphatic acids are 
most likely deprotonated, 
existing in a carboxylate 
form.  Acetate is an 
abundant species in the 
brines (Seewald 2003).  A 
proposed model for the 
origin of species observed 
in oil field brines and 
meant to explain the 
abundance of acetic acid is outlined in Figure 1.4 (Seewald 2001).  In the Seewald model, 
short-chain carboxylic acids are often considered a product of reactions beginning with 
alkanes.  If the chain begins with a n-alkane structure, the alkane is oxidized reversibly to 
an alkene.  The alkene is then reversibly hydrated to an alcohol structure.  The alcohol is 
reversibly oxidized to a ketone.  The ketone structure reacts irreversibly with water, 
releasing H2 and acetic acid to form a shorter chain carboxylic acid.  The carboxylic acid 
decarboxylates irreversibly to form another alkane.  A newly shortened alkane begins the 
process again and the process repeats until only acetic acid remains.  In this reaction 
scheme, see Figure 1.4, larger molecules are broken into smaller organic compounds to 
explain the abundance of acetic acid observed in oil field brines (Seewald 2003).  This 
 
Figure 1.4:  Generalized reaction scheme for the 
formation of carboxylic acids in petroleum field brines, 
adapted from Seewald 2001. 
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scheme does not include reactions that create larger organic compounds from small 
molecules.  The role that minerals may play in the reactions of organic acids in geologic 
environment also remains unexplored.   
Reactivity of Organic Compounds at Hydrothermal Conditions  
 Hydrothermal organic experiments have been used to investigate oil field brine 
organic abundances and provide insight into the utility of hydrothermal processing of 
organic compounds.  High temperature water processing is used in a variety of capacities 
including chemical synthesis, materials synthesis, coal liquefaction, biomass processing, 
and so on (Akiya and Savage 2002).  Of the organic reactions that can occur at 
hydrothermal conditions, carboxylic acids are expected only to decarboxylate in aqueous 
reactions (Kharaka et al. 1983; Palmer and Drummond 1986; Drummond and Palmer 
1986; Bell et al. 1994; Katritzky et al. 2001).  Other studies indicate that depending on 
the starting material, carboxylic acids may be a product rather than a reactant, like what 
was proposed by Seewald in Figure 1.4.  The hydrothermal conversion of acrylonitrile, 
for example, can result in carboxylic acid structures such as hydroxypropionic acid and 
acetic acid as products (Akiya and Savage 2002).   
 The stability of aromatic structures, some of which include carboxylic acids found 
in carbonaceous chondrites (see in Figure 1.1), have been tested at hydrothermal 
conditions (Dunn et al. 2003; McCollom and Seewald 2001).  Monocyclic aromatics such 
as toluene, phenol and benzoic acid were investigated at hydrothermal conditions 
(McCollom and Seewald 2001).  Even though these reactions were performed in the 
presence of different mineral buffers, the minerals were not considered an active 
participant in the reactions.  The initial purpose of these types of studies was to 
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understand the reactivity of aromatic structures in high and low-rank coals, but results 
may also have application to aromatic carboxylic acids found in meteorites.  Coal 
maturation results in the loss of functional groups with increasing heat and pressure; 
experiments starting with aromatic carboxylic acids support this assertion (Eskay et al. 
1996; Siskin and Katritzky 2001; Dabestani et al. 2005).  The degradation of di-
carboxylic acid species to mono-carboxylic acid and to the eventual alkane species in 
hydrothermal experiments demonstrates the preference for decarboxylation at higher 
temperature (Dunn et al. 2003; McCollom and Seewald 2001).  The fact that multi-
carboxylic acid species persist in some carbonaceous chondrites would support assertions 
that the parent body of those meteorites did not undergo extensive heating.  The part that 
minerals play for carboxylic acids during hydrothermal conditions was investigated 
through acetic acid (Bell et al 1994).   Hematite and magnetite both enhanced the 
decomposition of acetic acid in the Bell et al. (1994) study.  The explanation provided 
was that the mineral surfaces were catalyzing decarboxylation, but it was discussed that 
ketones have been known to form on mineral surfaces under vacuum conditions and was 
an unlikely explanation for the consumption of acetic acid.   
Justification and Overview of the Current Study 
 Research investigating the reactivity of organic compounds is growing, but it is 
still unclear how to apply experimental studies to natural systems.  The specific role that 
minerals play in organic reactions is still not well understood.  Abiotic organic 
hydrothermal reactions have been observed at deep sea hydrothermal environments 
(McCollom and Seewald 2007; McDermott et al. 2015; McCollom et al. 2015) including 
the formation of larger compounds from smaller compounds.  This observation goes 
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against the initial Seewald (2001, 2003) model that organic reactions at hydrothermal 
conditions would proceed toward smaller organic species.  The deep sea hydrothermal 
environment includes mineral phases in contact with organic reactants.   
 Experimental studies of the interaction of carboxylic acids with minerals assume 
that carboxylic acids only decarboxylate and additional reaction pathways remain 
unconsidered (Bell et al. 1994; McCollom and Seewald 2003).  The formation of ketones 
from acetic acid could be another explanation of acetic acid consumption as studied by 
Bell et al. 1994 and would still result in the formation of CO2 as one would expect from a 
decarboxylation reaction.  The formation of acetone from acetic acid is not an unknown 
reaction; in fact, acetone production is known to occur on various metal oxides as an 
industrial process (Friedel 1858; Squibb 1895).  The ketone formation reaction, the 
reaction of acetic acid to acetone was not observed in the absence of minerals (Hurd and 
Martin 1929; Mitchell and Reid 1931; Demorest et al. 1951).  Organic synthetic work 
describes the formation of ketones on many different types of oxide mineral surfaces 
starting from an array of carboxylic acids (Renz 2005; Gooβen et al. 2011; Pham et al. 
2013).  The formation of acetone from acetic acid in hydrothermal experiments and the 
formation of larger ketones from longer carboxylic acids is not considered in the Seewald 
schematic (see Figure 1.4) even though ketones were observed in experiments starting 
with valeric acid and acetic acid (McCollom and Seewald 2003) where mineral buffers 
were in contact with the organic reactants.   
 My work focuses on the experimental study of carboxylic acids in the presence of 
minerals at hydrothermal conditions to explore the types of reactions possible and the 
mechanisms of those reactions.  By simplifying the reaction to include only one type of 
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organic compound and one type of mineral surface, I can determine the extent to which 
the mineral can influence organic compound product distribution and rate of reaction.   
 So far, I have observed that the structure, atomic formula, and semiconductor 
properties of the mineral can influence the product distribution and the rate of different 
reaction pathways.  Additional properties such as the zero point of charge (pHzpc) may 
influence the creation of different product structures and the rate of reaction.  The zero 
point of charge is defined as the point where a mineral surface has a net charge of zero 
and is an intrinsic property that differs from mineral to mineral.  At a pH < pHzpc, the 
mineral surface will have a net positive charge (i.e. through protonation of the mineral 
surface oxygen atoms, in the case of oxides).  At a pH > pHzpc, the mineral surface will 
have a net negative charge (i.e. through deprotonation of the mineral surface oxygen 
atoms, in the case of oxides).  A surface oxygen atom can be protonated more than once 
depending on the pHzpc of the mineral and the pH of solution.  Though my experimental 
results indicate that the pHzpc may play a role in the ability of organic acids to bind to the 
mineral surface, the importance of the property overall still needs to be explored through 
further experiments.  My work will focus on the reactions that occur on the surfaces of 
four metal oxides: spinel (MgAl2O4), magnetite (Fe3O4), hematite (Fe2O3), and corundum 
(Al2O3).  Experiments involving sphaelerite (ZnS), pyrite (FeS2), quartz (SiO2), and the 
influence of electrolytes (i.e. NaCl) on the consumption of carboxylic acids at 
hydrothermal conditions will be mentioned in comparison to the results of the four initial 
metal oxides.   
 I study aromatic acids to more easily investigate reaction mechanisms on the 
mineral surface.  By tracking the position of the benzene ring and the number of benzene 
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rings present within the experimental products, I can more easily determine bond-
breaking and bond-forming reactions.  Two compounds chosen, phenylacetic acid (PAA) 
and benzoic acid (BA) are present in meteorites (see Figure 1.1) and can also be reaction 
analogs for coal maturation.  Hydrocinnamic acid (HCA) and phenylacetic acid (PAA) 
may also be considered aromatic analogs for the oil field brine organic acids, propanoic 
acid and acetic acid, respectively.  In total, I have studied phenylacetic acid (PAA), 
hydrocinnamic acid (HCA), and benzoic acid (BA) in the presence of minerals with a few 
additional experiments involving organic acids that differ from these three initial 
structures.  Examples include the addition of an alkene to the structure of HCA (i.e. 
cinnamic acid), the addition of methyl groups at a crucial carbon of PAA (i.e. α,α-
dimethyl phenylacetic acid), or isotopically labelling the carbonyl of PAA (i.e. 13C-
phenylacetic acid).  By using this aromatic experimental approach, I can investigate more 
mechanistic detail than previously studied with oil field brine structures like acetic acid 
and valeric acid (McCollom and Seewald 2003; Seewald 2003).  By varying the organic 
structure, I can learn about the specific bonds being broken during experiments and use 
these results to interpret potential reactions of carboxylic acids without phenyl rings.  
Results of aromatic carboxylic acid experiments can help to explain results of previous 
studies containing organic acids and minerals and have future application to natural 
geologic systems. 
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CHAPTER 2 
KETONIC DECARBOXYLATION: EXPERIMENTS AND MECHANISM 
Decarboxylation and Ketones 
 In the currently accepted model of organic reactivity in hydrothermal literature, 
carboxylic acids are products of ketones and not vice versa (Katritzky et al. 2001; 
Seewald 2001; Seewald 2003).  In contrast, vapor-phase formation of ketones from 
carboxylic acids over mineral catalysts is a common industrial, organic synthesis process 
(Renz 2005; Pham et al. 2013; Nicholson and Wilson 2004), known as ketonic 
decarboxylation.  Why isn’t the formation of ketones a viable reaction on the surface of 
minerals during hydrothermal reactions?  The purpose of my current study is to assess 
whether ketone formation from carboxylic acids can occur in hydrothermal solution with 
the presence of metal oxide minerals.  If so, I will also determine plausible mechanisms 
for these organic and mineral interactions and how to apply these finds to previous work.    
The formation of acetone from acetic acid through ketonic decarboxylation is one 
of the oldest organic reactions known to industrial organic chemistry (Friedel 1858; 
Squibb 1895).  I estimated equilibrium constants (logK) of acetone formation from acetic 
acid as a function of time compared to the equilibrium constants (logK) for the 
decarboxylation of acetic acid (Figure 2.1).  If K is equal to 1, then the concentration of 
reactants and products at equilibrium is the same and both sides of the reaction are 
favored equally.  The same condition on the logK scale is when logK equals zero.  If 
K<1, then at equilibrium, the reactants of the reaction are favored.  On the logK scale, the 
reactants are favored when logK<0.  If K>1, then at equilibrium, the products of the 
reaction are favored.  In terms of logK, products are favored when logK>0.  The value of 
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K determines the concentration of reactants and products present in the system.  Both 
reactants and products will be present at all equilibrium values of K, but a positive logK 
means that the concentrations of products are higher than the concentration of reactants.  
 At all temperature ranges, decarboxylation favors the formation of methane and 
CO2 from acetic acid.  Ketonic decarboxylation, in comparison, favors the carboxylic 
acid reactants at lower temperatures, but at 
hydrothermal conditions (starting at 
~210°C) the reaction favors the formation 
of the acetone, CO2, and H2O.  If the ketone 
formation requires higher temperatures and 
is competing with decarboxylation for 
acetic acid, then how can the formation of 
ketones become more favored?   In 
synthetic organic chemistry studies, metal 
oxide catalysts are a known way to product 
different ketone structures from carboxylic 
acid precursors (Renz 2005; Corma et al. 
2008; Gooβen et al. 2011; Pham et al. 
2013).  Metal oxide surfaces appear to play a fundamental role in ketonic 
decarboxylation, presumably as a way to concentrate and orient two carboxylic acids.  
Though ketonic decarboxylation (the formation of a ketone, CO2, and H2O from two 
carboxylic acids) is one of the oldest known reactions in industrial organic chemistry, it is 
also one of the most discovered reactions (Nicholson and Wilson 2004).  Over the years, 
 
Figure 2.1:  Equilibrium constants (K) 
vs. temperature for acetone formation 
(lower curve) and for acetic acid 
decarboxylation (upper curve) at 1 
kbar.  Calculations were done with the 
revised Helgeson-Kirkham-Flowers 
(HKF) equation of state (Tanger and 
Helgeson 1988; Shock et al 1992) 
using thermodynamic data and HKF 
parameters from Shock et al. (1989); 
Shock and Helgeson (1990); Shock 
(1995). 
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many researchers have thought that they were the first to discover the formation of 
ketones on metal oxides (Nicholson and Wilson 2004).  Ketonic decarboxylation is a 
repeatedly discovered reaction observed by many different research groups.  If the 
formation of ketones on metal oxides is as common as it appears, why not adapt the 
reaction into the hydrothermal literature as well?  The exact mechanism of ketonic 
decarboxylation is still contested and the mechanisms proposed, thus far, avoid water as a 
solvent in favor of organic solvents or involve superheated steam passed over metal oxide 
catalysts (Rajadurai 1994; Renz 2005; Pham et al. 2013).  The water produced during 
ketonic decarboxylation is actively removed in synthetic processes to avoid alkane 
products that result from breakdown of ketone products (Renz 2005; Gooβen et al. 2011).   
 My current study explores the use of water as a solvent to form ketones from an 
organic acid (i.e. PAA) on different mineral surfaces at hydrothermal temperatures and 
pressures (300°C and 1kbar).  By choosing minerals that differ from one another in terms 
of their structure and atomic formula, I can experimentally assess the properties that 
control the rate of ketone formation as well as propose a detailed mechanism for the 
formation of ketones in the presence of water. 
The hydrothermal decarboxylation of carboxylic acids was investigated by Glein 
(2012) using phenyl acetic acid (PAA).  The phenyl ring of PAA allows researchers to 
trace the specific bonds being broken and formed without ambiguity.  The exhaustive 
study of the hydrothermal decarboxylation of PAA in the absence of minerals by Glein 
2012 laid the foundation for my investigation into the involvement of minerals in 
hydrothermal organic transformations of carboxylic acids.  Starting from this 
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background, I will begin by choosing simple metal oxides that are less likely to facilitate 
additional reactions in addition to ketonic decarboxylation. 
Spinel (MgAl2O4) was chosen as a relatively inert oxide mineral that lacks redox 
active metal atoms, d-orbital availability, or the small band-gap properties of the iron 
oxides used in previous studies (Bell et al. 1994; McCollom and Seewald, 2003a; 2003b).  
Magnetite (Fe3O4) was chosen because it has a metal redox active metal (Fe) and the 
same crystal structure as spinel.  In addition, high yields of ketones were formed from 
carboxylic acids with the use of nanomagnetite in previous studies (Gooβen et al. 2011).  
Hematite (Fe2O3) was chosen as a mineral containing iron but with a different mineral 
structure than magnetite. Corundum (Al2O3) was chosen because it has the same mineral 
structure as hematite, but lacks a redox-active metal center.  By comparing the results of 
these different mineral experiments, I can investigate the importance of mineral structure 
and redox properties in the formation of ketone structures.  Selected structural properties 
of mineral investigated are listed in Table 2.1. 
 
Table 2.1. Crystal structure properties for selected metal oxide minerals 
Mineral Formula  pHZPCa Metal configuration 
Bond Distance 
(angstroms)b 
spinel MgAl2O4  9.0 
Mg - tetrahedral 
Al - octahedral 
Al to Al: 2.855 
Mg to Mg: 3.519 
magnetite Fe3O4  6.5 
Fe(II) -octahedral 
Fe(III) – octahedral 
/tetrahedral 
Fe(II) to Fe(II): 2.938 
Fe(III) to Fe (III): 4.209 
hematite Fe2O3  8.6 Fe -octahedral Fe(III) to Fe(III): 2.897 
corundum Al2O3  9.4 Al - octahedral Al to Al:  2.676 
a Xu and Schoonen 2000 
b Measured from Crystalmaker library structures as a best estimate from RT 
structures; different lengths possible based on additional constraints   
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Experimental Methods & Analysis 
Reagents.  Phenylacetic acid (PAA) was purchased from Sigma-Aldrich at a 
purity of 99%.  Dichloromethane (DCM, 99.9%) was purchased from Fisher Chemical.  
Deionized (DI) water was obtained using a Barnstead Diamond Nanopure water system 
(18.2 MΩ·cm resistivity). Decane (99%) purchased from Sigma-Aldrich was used as an 
internal standard for quantitative analysis during gas chromatography.  Spinel (MgAl2O4) 
powder was purchased from Alfa Aesar at purity of 99.995% (metals basis) and separated 
into different size fractions by sonication.  The largest size fraction was powdered in a 
McCrone Mill to smaller particles between 10 µ m - 70 µm as well followed by 
sonication to remove fine nanoparticulates.  The sonicated slurry was gravity filtered by 
suspension in water for various size fractions.   The final cleaned fraction used was 15 
µm to 50 µm.  Magnetite (Fe3O4), hematite (Fe2O3) and corundum (Al2O3) powders were 
purchased from Alfa Aesar in 99.997% (metals basis), 99.998% (metals basis), and 
99.9% (metals basis), respectively.  
Experimental. Gold was chosen for our reaction vessels to allow the closest 
comparison with results from Glein 2012.  Gold vessels have been previously (Bell et al. 
1994) shown to exhibit the weakest catalytic effect of all container materials examined.  
An added benefit of the gold capsule is its flexibility; the pressure inside the capsule can 
be controlled externally, using water to pressurize the capsule.  Figure 2.2 is a schematic 
flow chart of the experimental procedure used during my study.  Gold tubing with an 
outer diameter of 5 mm and an inner diameter of 4 mm was cut into lengths of ~3.75 cm 
and welded at each end to form capsules. The internal volume of each capsule was ~1.75 
mL.  A decontamination procedure was followed to clean the gold of any organic residue 
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from the tube manufacturing process, pen marks, and skin oils deposited by the human 
hand during the tube cutting procedure.  The gold was rinsed with dichloromethane 
(DCM 99%), followed by reflux in 12M HCl for 30 minutes, and further rinsing by DI 
water.  The 
gold was then 
annealed at 
600°C for 12 
hours before 
use. Before 
filling with the 
reactant 
mixture, tubes 
were arc-welded at one end using a precision welder to form a capsule.  Phenylacetic acid 
(PAA) or hydrocinnamic acid (HCA) was added to the capsule at an initial concentration 
of 1 M in 200 μL of Nanopure water.  The water was purged with low-pressure, ultra-
high purity (UHP) argon for 1 hour to remove dissolved oxygen prior to addition to the 
capsules.  After addition of reactant and water, the headspace was purged with UHP 
argon for 1 minute before welding the capsule closed.  For capsules containing phenyl 
acetic acid and spinel, a mass of mineral powder equivalent to a surface area of 0.03 m2 
was added to generate time series data.  For capsules containing phenyl acetic acid and 
magnetite, hematite or corundum, a mass of mineral powder equivalent to a surface area 
of 0.7 m2 was added to generate time series data.  Capsules were then quickly pinched 
 
Figure 2.2: Experimental setup and sample handling process for 
hydrothermal experiments at 300°C and 1 kbar.   
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closed and carefully sealed by welding while partially submerged in a methanol:water 
(1:1) cold bath slurry cooled by liquid nitrogen to minimize evaporative losses.  
The gold capsules were placed in a 70 cm stainless-steel hydrothermal cold seal 
vessel closed with a Bridgeman seal and a Teflon O-ring.  Deionized (DI) water as the 
pressurizing medium.  The vessel was filled with DI water and pressurized to 1 kbar at 
room temperature prior to placement in a clamshell furnace lined with kaolin wool.  
Pressure of the DI water increased with increasing temperature.  Pressure was released 
through a High-Pressure Lab release valve prior to reaching the final reaction temperature 
of 300°C. A thermocouple placed in the vicinity of the capsules inside the hydrothermal 
bomb was used to monitor the reaction temperature. Owing to the large heat capacity of 
the pressure vessel, 3 hours was typically required for the samples to reach 300°C. The 
zero-hour time point for each experiment was taken to be the time at which the 
temperature reached 288°C, which generally occurred after 2 hours into the heating 
process.   After the first 2 hours, the rate of temperature increase to 300°C was ~ 1.5°C 
per hour.  All capsules were maintained under constant temperature and pressure 
conditions throughout the duration of the experiments. The maximum uncertainty in the 
temperature and pressure is estimated to be ±5°C in temperature and ±5 MPa in pressure 
(Williams et al. 2001). After the desired experimental duration, the hydrothermal vessel 
was quenched quickly in a room-temperature water bath and the gold capsules removed. 
The masses of the gold capsules were measured before and after each experiment using a 
0.001mg-scale analytical balance to determine if there was any loss of mass due to a 
capsule rupture. 
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Mineral Reagent Analysis. The crystalline identity of the mineral reagent was 
confirmed by X-ray diffractometry using a Siemens D5000 X-Ray Diffractometer at 
ASU.  The BET surface area of the synthetic mineral powders was determined by N2 
adsorption (using a Tristar II 3020) in the Goldwater Environmental Laboratory at ASU.  
Surface morphology was observed and particle size analysis conducted on spinel powders 
using an FEI XL30 Environmental SEM-FEG.  The powders were mounted on 12.7 mm 
round aluminum pin stubs (from Ted Pella) and adhered to the surface of the mounts by 
carbon tape.  Images were taken in secondary electron (SE) mode at 5.00 kV, spot size 
4.0.  Samples were coated with a gold-palladium sputter target. 
Product Analysis. To extract reaction products, the outsides of the capsules were 
rinsed with dichloromethane (DCM, 99.9%), to remove any organic residues.  The 
organic products in the opened capsules were extracted by vigorously shaking in a 4 mL 
silanized glass vial (Supelco, Inc.) with 3.0 mL of the DCM solvent and 5 µL of decane.  
The products were analyzed using a Bruker Scion 456 gas chromatograph (GC) 
equipped with an autosampler, polycapillary column (5% diphenyl/95% 
dimethylsiloxane, Supelco, Inc.), and a flame-ionization detector (FID). The GC oven 
temperature program increased at 10°C min-1 from 40°C up to 140°C, then increased at 
5°C min-1 up to 220°C, followed by an increase of 20°C min-1 to 300°C after which it 
held at 300°C for 5 minutes.  The injector temperature was 275°C. The reproducibility of 
the GC analysis was ± 7% of peak area ratio response factors (i.e. analyte peak area 
relative to decane) for triplicate injections.  Where possible, the reaction products were 
identified by co-injection with authentic standards.  Calibration curves for identified 
compounds were created by plotting the ratio of area counts of the analyte to those of the 
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decane internal standard versus the known concentration of the analyte.  The equation for 
the line of best fit for five calibration points was used to convert the response factor from 
sample chromatograms to a molar concentration.  When authentic standards were not 
available to identify products, high-resolution gas chromatography-mass spectrometry 
(GC-MS) conducted in the laboratory of Dr. Pierre Herckes at ASU, was used to 
determine molecular ion masses and to deduce plausible structures based on 
fragmentation pattern analysis.  The Herckes lab uses an Agilent 6890/5973 gas 
chromatograph/mass spectrometer system.  Initial matches for unknown products were 
made with the NIST (National Institute of Standards and Technology) database.  Matches 
were confirmed by detailed comparison of fragments with known GC-MS fragments on 
the Integrated Spectral Data Base System (SDBS) for organic compounds.  The GC 
method and column used for GC-MS analysis were exactly the same as those used with 
the Bruker Scion 456 GC.  
Experimental Results with Spinel 
In hydrothermal experiments in the absence of added minerals (300°C, 1 kbar; 
e.g. Glein 2012), the concentration of phenylacetic acid (PAA) decreased and the 
concentration of toluene increased correspondingly as shown by the open circles in Fig 
2.3.  Glein (2012) determined that the main reaction of PAA under these conditions was 
decarboxylation to form toluene, which accounted for the majority of the starting material 
consumed. At 300°C, and 1 kbar in the presence of the mineral spinel (MgAl2O4), 
reaction of the PAA was accelerated, as shown by the solid blue symbols in Figure 2.3.  
The major product is toluene, but dibenzylketone (DBK) is now also detected as a 
significant reaction product in the presence of spinel. Other minor products formed in the 
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presence of the mineral that were observed in the GC chromatogram include: trans-
stilbene, bibenzyl, and the bibenzyl 
isomers. In addition, several other 
very small peaks, with retention 
times characteristic of structures 
containing three and four benzene 
rings, were observed.  The organic 
structures assigned to these minor 
peaks by standard addition during 
GC analysis correspond to the 
coupling products observed in 
hydrothermal reaction of DBK in 
water alone as reported by Yang et 
al. 2012.  The yield of these minor products was too small to be quantified individually, 
but their sum was estimated to be roughly 1% of the total product mixture.  The amount 
of toluene that formed in the presence of spinel, and the rate at which it formed was like 
that observed for PAA in water alone. Experimental starting conditions and product 
concentrations for PAA with spinel experiments is outlined in Table 2.2. 
  
 
Figure 2.3:  Concentration of PAA (blue), 
toluene (green), and dibenzyl ketone (red) vs. 
time.  PAA with spinel (filled circles) and 
PAA with minerals (open circles; taken from 
Glein 2012) from hydrothermal experiments 
at 300°C and 1 kbar.  Each symbol represents 
an individual hydrothermal experiment.  
Uncertainty is ± 5 mole%.   
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Table 2.2. Starting materials and product distributions for PAA with spinel experiments  
Time (h) 
Spinel 
(mg) 
Surface area  
(m2) 
PAAa Initial  
(mg) 
mole % 
PAAa Final  TOLb  DBKc  TSBd  
2 55.98 0.033 27.64 88.7 9.68 4.99 0.209 
8 58.51 0.035 28.88 54.4 34.8 5.35 0.300 
18 56.52 0.034 28.96 32.5 53.5 5.78 0.308 
25 53.85 0.032 23.90 19.6 62.9 6.71 0.268 
25 69.86 0.042 24.27 19.1 50.4 6.82 0.274 
33 57.63 0.034 28.78 7.42 74.0 5.94 0.247 
33 56.09 0.033 29.35 10.7 75.7 5.92 0.221 
51 56.34 0.033 28.75 1.95 87.2 5.95 0.285 
62.5 55.57 0.033 23.22 2.11 78.7 6.79 0.333 
Note: The PAA Initial would be accounted for as 100 mole % as all other mole% are 
calculated as a percent of the total starting amount of PAA. 
a PAA = phenylacetic acid 
b TOL = toluene 
c DBK = dibenzyl ketone 
d TSB = trans-stilbene 
 
 
 
The experimentally observed DBK product that formed in the presence of spinel 
ranges from 5 – 7 mole % of the total 
product mixture, and does not follow a 
simple exponential growth curve as would 
be expected for formation of a stable 
primary product via first order kinetics.  
The DBK product is observed at the 
earliest experiment time point (2 h); its 
concentration increases initially and begins 
to decrease slightly by the longest time 
point (51 h).  In the absence of minerals, a 
major product of reaction of DBK under 
 
Figure 2.4:  Toluene concentration vs. 
Time for hydrothermal experiments 
starting with DBK with spinel (filled 
circles; 300°C, 1 kbar) and without 
minerals (open circles; 300°C, 0.5 kbar; 
from Yang et al. 2012). 
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hydrothermal conditions is toluene (Yang et al. 2012). Hydrothermal reaction of DBK in 
water alone under the similar experimental conditions formed toluene as one of the major 
products (Figure 2.4; Yang et al. 2012) although it was formed in less than 4 mole % 
yield over a reaction time of 70 h.  The hydrothermal reaction of DBK in the presence of 
spinel-generated toluene as a major product; in this case, toluene was formed at >10 mole 
% yield after reaction for 70 h (Figure 2.4).  The experimental starting materials and 
surface area for experiments of DBK with spinel are provided in Table 2.3. 
Table 2.3.  Starting materials and product concentration for DBK with spinel 
(MgAl2O4) experiments 
Time (h) Mineral 
Mineral 
(mg) 
Surface area 
(m2) 
DBKa Initial 
(mg) 
mole % 
DBKa Final TOLb 
22 MgAl2O4 59.90 0.036 31.20 91.02 5.57 
74 MgAl2O4 60.59 0.036 31.69 82.87 11.15 
a DBK = dibenzyl ketone 
b TOL = toluene 
 
Discussion of Organic Reactions 
Based on the results of this study and those of previous studies by Glein (2012) 
and Yang et al. (2012), several different reactions of PAA and DBK under the present 
conditions can be determined.  Decarboxylation is defined as the loss of CO2 resulting in 
toluene as the major product (Reaction 2.1) and is the major hydrothermal reaction 
pathway for PAA in water alone.  
Reaction 2.1:  
Decarboxylation is expected to be the dominant reaction in the solution phase of 
PAA with spinel experiments.  Assuming that for every singular molecule of PAA 
attached to the spinel surface, then 11,950 molecules of PAA are still in solution.  This 
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estimate assumes an idealized condition where the mineral surface is immediately 
saturated with PAA molecules at the start of reaction. 
Formation of the ketone, DBK, at early reaction times suggests it is a primary 
reaction product of phenylacetic acid in the presence of spinel. Formally, DBK formation 
can occur by coupling two phenylacetic acid molecules with release of CO2 and H2O 
(Reaction 2.2). 
Reaction 2.2:   
Products like trans-stilbene are likely the result of DBK being consumed down 
secondary reaction paths.  Trace amounts of bibenzyl support the formation of radical 
coupling products during PAA with spinel experiments.  Decarboxylation, as described 
by Glein (2012), does not proceed through radical intermediates to form toluene, but the 
study of DBK by Yang et al. described the formation of radical coupling products 
without minerals.  At hydrothermal conditions, DBK undergoes bond cleavage to form 
radical intermediates, as shown in Reaction 2.3 (e.g., Yang et al. 2012).   
Reaction 2.3:   
The initial products of this bond cleavage reaction are a benzyl radical and a 
phenacyl radical.  The primary phenacyl radical then undergoes rapid decarbonylation, 
i.e., loss of CO, and a second benzyl radical is produced, Reaction 2.4. 
Reaction 2.4:   
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The two benzyl radicals can then couple to form bibenzyl (and bibenzyl isomers), 
Reaction 2.5.  Other coupling products were also reported by Yang et al. (2012). 
Reaction 2.5:   
Trans-stilbene was measured in the PAA with spinel experiments and can be 
formed from bibenzyl through the loss of H2. Based on prior work by Seewald, this 
process is expected to be reversible (Seewald 2003), Reaction 2.6.   
Reaction 2.6:   
Yang et al. (2012) also showed that toluene is formed in hydrothermal reactions 
of DBK via the transfer of a hydrogen atom from larger radical coupling products, such 
as 3- or 4-rings structures, to one of the benzyl radicals from other radical coupling 
products.  In Reaction 2.7, two benzyl radicals are abstracting hydrogen atoms from a 3-
ring product of DBK radical coupling.  
Reaction 2.7:   
Experiments starting with DBK showed that toluene formation is enhanced in the 
presence of the spinel mineral, Figure 2.4.    Reactions of the DBK product could provide 
a secondary pathway for toluene production from PAA in the presence of spinel.  The 
primary source of toluene would still be the decarboxylation of PAA in water.  This 
toluene formation pathway may account for the observation that the overall yield of 
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toluene is not reduced in the presence of spinel.  The presence of spinel activates an 
additional product pathway that should compete with decarboxylation.  If so, then the 
amount of DBK measured in the products is not representative of the total DBK produced 
during reaction of PAA with spinel.  The DBK is consumed in the formation of toluene.  
Reaction kinetics for experiments of PAA with spinel were calculated with the purpose of 
providing supporting evidence for the consumption of DBK to form toluene. 
Kinetic Scheme for Spinel Experiments 
A kinetic scheme for the formation of DBK and toluene from PAA, as well as for 
the formation of toluene from DBK is shown in Figure 2.5.  The decarboxylation of PAA 
in water (described previously by Glein 2012) proceeds with a rate constant k-CO2
P. In the 
presence of spinel, PAA also undergoes mineral-assisted formation of DBK. This 
reaction is formally second-order in PAA; however, the decay kinetics for PAA in the 
presence of spinel (see below) are indistinguishable from first order. For surface 
catalyzed reactions, the rate determining step is often bond breaking on the surface of the 
catalyst (Ross 2011).  Under heterogeneous catalysis conditions on a mineral surface, it is 
plausible that the reaction would appear to be pseudo-first order; thus, we assume 
pseudo-first order kinetics for this reaction with a rate constant kDBK
P. 
DBK undergoes both bond-breaking and bond-making reactions under 
hydrothermal conditions to form a large number of products (Yang et al. 2012), although 
toluene is one of the most abundant of these products. In the presence of minerals such as 
magnetite and hematite, DBK reacts faster (Yang 2014; also Figure 2.4). At early 
reaction times toluene is a major product, together with other coupling products. In 
previous studies on hydrothermal DBK reactions, it was found that in order to form 
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toluene from the primary benzyl radical products (Reactions 2.3 and 2.4, above) a 
hydrogen atom must be donated from one of the other coupling products (Yang et al. 
2012; Yang 2014). The kinetic scheme of Figure 2.5 thus includes reaction of DBK to 
form toluene, ktol
D, and reaction of DBK to form other products, kother
D. The other 
products include trans-stilbene, bibenzyl and other minor 3- and 4-ring coupling 
products.  The primary and secondary reaction paths occurring in PAA with spinel and 
the assigned rate constants for those reactions are outlined in Figure 2.5. 
Fitting the PAA concentration decay data (i.e., Figure 2.3) to single exponential 
first order kinetics gives the fitted curves shown through the data.  The experimentally 
 
 
Figure 2.5: Schematic for the hydrothermal formation of primary and secondary 
products of PAA in the presence of spinel.  Values of k have been assigned to the 
separate reactions available with and without minerals.  The 𝑘−𝐶𝑂2
𝑃
value is 
associated with the loss of CO2 through decarboxylation to form toluene and is 
derived from the exponential fit to the production of toluene from Glein 2012.  The 
𝑘𝐷𝐵𝐾
𝑃
value is assigned for the production of DBK in the presence of spinel.  
Additional k values for the formation of toluene from DBK, 𝑘𝑡𝑜𝑙
𝐷
, and a bulk term 
for all other reactions of DBK, 𝑘𝑜𝑡ℎ𝑒𝑟
𝐷
, were assigned for the purpose of the kinetic 
model. 
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observed rate constant for reaction of PAA in water alone, kobs
P(H2O), is 0.044 hr-1. As 
shown previously (Glein 2012), this reaction is decarboxylation of PAA, therefore, k-CO2
P 
(Figure 2.5) is equal to 0.044 hr-1 under these conditions.  The experimentally observed 
rate constant for decay of PAA in the presence of spinel, kobs
P(spinel) is 0.0688 hr-1. 
According to the reaction scheme of Figure 2.5, this is equal to the sum of the rate 
constants for decarboxylation, k-CO2
P, and for DBK formation on the mineral surface, 
kDBK
P: 
kobs
P(spinel)  =    k-CO2
P  +  kDBK
P. 
The pseudo-first order rate constant for formation of DBK is thus the difference 
between the two experimentally observed rate constants, 0.024 hr-1.  Also shown in 
Figure 2.3 is a first order kinetic fit to the growth of the toluene product from reaction of 
PAA in water alone. The rate constant for this process is identical to that for reaction of 
PAA in water, 0.44 hr-1, because toluene is the only product of that reaction. Toluene 
formation from the reaction with spinel is also shown.  In the presence of spinel, the PAA 
reaction is diverted from decarboxylation to formation of DBK.  For this reason, the yield 
of toluene might be expected to be smaller in the presence of the mineral. In addition, 
consumption of PAA is faster with the mineral, which suggests toluene formation should 
also be faster. However, rate of toluene formation and its yield appear to be similar under 
both reaction conditions.  
DBK is a product of PAA in the presence of spinel (see Figure 2.6).  DBK is 
formed at early reaction times and then the concentration levels off and then slowly 
decays.  An expected product of DBK reaction is toluene, in addition to other products. 
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The mole percentage of toluene product as a function of time, %tolPAA, that is formed via 
decarboxylation of PAA is calculated as: 
                           %tolPAA  =  (100 – %PAA)  k-CO2
P / (k-CO2
P + kDBK
P) 
where %PAA is the mole percent of remaining PAA as a function of time.  The %tolPAA 
is indicated by the green dashed line in Figure 2.6.  The mole percentage of DBK formed 
from reaction of PAA in the presence of spinel, %DBKPAA, is shown by the red dashed 
line in Figure 2.6, which is calculated as: 
%DBKPAA  =  (100 – %PAA)  kDBKP / (k-CO2
P + kDBK
P)   =   100 - %tolPAA 
 The %DBKPAA is an estimate 
of the quantity of DBK that 
would have formed if it had 
not been consumed in 
secondary reactions.  From 
comparison of the calculated 
%DBKPAA to the observed 
amount of DBK in the 
product mixture, it becomes 
clear that DBK was 
consumed through a new 
reaction path.  I conclude that 
DBK undergoes a secondary 
reaction to form toluene on 
the timescale of the 
 
Figure 2.6:  Kinetic modelling for the formation 
hydrothermal products from PAA with spinel 
experiments.  The total formation of toluene as 
calculated from decarboxylation (dashed green; 
%tolPAA), the total expected formation of DBK created 
from PAA and spinel (dashed red; %DBKPAA) and the 
percent of toluene calculated to result from the 
consumption of DBK (dashed blue; %tolDBK).  The fit 
for the formation of DBK (solid red) is calculated from 
the dashed curves. 
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experiment for PAA with spinel.  Formation of toluene from DBK is assumed to be 
pseudo-first order and is assigned the rate constant ktol
D.  The formation of the other 
products is also assumed to be pseudo first order and is assigned the rate constant kother
D. 
As discussed by Yang, the hydrogen atoms required to generate toluene from DBK are 
assumed to come from dehydrogenation of the other products.  Trace amounts of 
products within the 3- to 4-ring region of PAA and spinel chromatograms support the 
formation of larger radical coupling products and would be a reasonable source of 
hydrogen for the benzyl radical intermediate.  The values of rate constants for the PAA 
with spinel reactions are summarized in Table 2.4. 
 
Table 2.4. Rate constants for the reactions of PAA with spinel. 
rate constants for reaction (hr-1) 
k-CO2
P 0.044 
kDBK
P 0.024 
ktol
D 0.074 
kother
D 0.043 
 
 The data in Figure 2.6 was analyzed according to the reaction scheme in Figure 
2.5. The values of k-CO2
P and kDBK
P were fixed at 0.044 hr-1 and 0.024 hr-1 (see above) and 
a non-linear least squares method was used to find the values for ktol
D and kother
D that gave 
the best fit to the time-dependence of the toluene and DBK time course data, 0.074 hr-1 
and 0.043 hr-1, respectively.  The sum of the rate constants for reaction of the DBK, 0.116 
hr-1, is significantly larger than the rate constant for DBK formation, kDBK
P = 0.024 hr-1. 
This rate constant is consistent with the very small increase in DBK concentration 
(Figure 2.6). The amount of toluene formed by reaction of DBK is given by: 
                                   %tolDBK  =  %DBKPAA  ktol
D / (ktol
D + kother
D) 
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and is shown in Figure 2.6 as the lower dashed green curve.  The sum of the calculated 
amounts of toluene from PAA and from DBK, the solid green curve in Figure 2.6, 
account for the total formation of toluene.  The calculated curve fits fairly well with the 
experimentally measured amounts of toluene from the PAA and spinel experiments. 
PAA with Other Metal Oxide Minerals 
 Experiments conducted with magnetite (Fe3O4), hematite (Fe2O3), and corundum 
(Al2O3) were similar to experiments using spinel (Figure 2.7 & Table 2.4).  With 
magnetite, which shares a similar crystal structure with spinel, the consumption of PAA 
increased from what would be expected in the decarboxylation of PAA without minerals 
and the amount of toluene produced is decreased from what we would expect if all the 
 
Figure 2.7:  Concentration of (a) phenylacetic acid, (b) toluene, (c) dibenzyl 
ketone, and (d) trans-stilbene vs. time in hydrothermal experiments with 
minerals (300°C, 1 kbar).  Results for experiments are represented by 
corundum (triangles), hematite (diamonds), and magnetite (squares).  
Analytical error bars fall within the size of the symbols.    
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PAA was consumed to produce of toluene.  Part of this loss in mass is accounted for by 
the formation of DBK and the secondary formation of trans-stilbene.   
 
Table 2.5.  Starting materials and product distributions for PAA with metal oxides  
[magnetite (Fe3O4), hematite (Fe2O3), and corundum (Al2O3)] 
Time (h) Mineral 
Mineral  
(mg) 
Surface area 
(m2) 
PAAa Initial  
(mg) 
mole % 
PAAa Final TOLb DBKc TSBd 
2 Fe3O4 95.40 0.75 28.19 71.3 11.8 2.35 0.805 
2 Fe3O4 92.85 0.73 27.98 66.3 11.7 2.02 0.810 
8 Fe3O4 91.67 0.72 29.05 39.2 36.9 4.28 4.11 
8 Fe3O4 91.21 0.71 27.78 41.7 36.1 4.57 3.51 
18 Fe3O4 92.23 0.72 27.88 19.3 52.7 8.74 3.90 
18 Fe3O4 91.55 0.72 27.84 18.6 52.1 9.31 4.50 
25 Fe3O4 90.81 0.71 27.67 13.2 61.3 10.5 4.15 
25 Fe3O4 91.93 0.72 27.81 12.9 61.7 9.43 4.34 
38 Fe3O4 90.84 0.71 27.46 10.1 62.7 10.5 4.03 
38 Fe3O4 91.82 0.72 28.74 9.63 63.9 10.2 3.69 
51 Fe3O4 91.09 0.71 28.17 8.80 66.6 9.63 3.14 
51 Fe3O4 91.38 0.72 28.3 8.95 69.2 10.2 3.41 
61 Fe3O4 91.01 0.71 27.93 8.59 66.9 8.80 2.94 
61 Fe3O4 91.68 0.72 28.80 8.37 71.5 9.11 2.98          
2 Fe2O3 54.90 0.71 29.29 97.4 10.4 0.315 0.831 
8 Fe2O3 55.95 0.72 28.95 72.9 33.4 0.519 1.54 
19 Fe2O3 55.75 0.72 28.56 38.5 61.3 0.599 2.49 
25 Fe2O3 55.89 0.72 28.57 31.2 68.4 0.662 2.55 
38 Fe2O3 54.38 0.70 28.50 18.0 79.1 0.695 2.86 
51 Fe2O3 55.28 0.71 28.49 12.2 82.2 0.701 2.39 
51 Fe2O3 27.23 0.35 14.09 21.8 87.8 0.931 3.29          
2 Al2O3 133.03 0.70 28.52 64.9 15.6 b.d. b.d. 
8 Al2O3 132.15 0.70 28.52 52.7 30.1 0.141 b.d. 
19 Al2O3 132.09 0.70 28.83 35.9 62.9 0.432 0.266 
25 Al2O3 133.01 0.70 28.85 25.4 63.9 0.414 0.059 
38 Al2O3 132.32 0.70 29.12 13.9 69.3 0.581 b.d. 
51 Al2O3 132.89 0.70 28.40 8.22 78.3 0.570 0.011 
a PAA = phenylacetic acid 
b TOL = toluene 
c DBK = dibenzyl ketone 
d TSB = trans-stilbene 
b.d. = below detection 
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 Hematite also contains Fe atoms but has a different structure than magnetite.  The 
presence of hematite did not have a significant effect on the consumption of PAA or the 
production of toluene relative to the results without minerals.  The formation of DBK was 
observed with hematite but does not account for the same amount of mass as the 
formation of DBK in the magnetite experiments.  Trans-stilbene is also observed in the 
hematite experiments and appears in higher abundance than the DBK, demonstrating a 
possible preference for the DBK to trans-stilbene reaction in the presence of hematite.  
Corundum shares a crystal structure with hematite, but lacks redox active metal atoms.  
Experiments with corundum do not vary with regards to consumption of PAA or 
production of toluene, as compared to results without minerals.  Corundum experiments 
produced DBK, but in less than 1% abundance throughout the course of the reaction.  As 
a result of low DBK production in the corundum experiments, trans-stilbene was often 
below detection in the corundum experiments.  Experiments with PAA and quartz (SiO2) 
did not produce DBK or trans-stilbene.  The consumption of PAA did not differ from 
experiments of PAA without minerals.   
Ketone Formation Mechanism  
 The formation of DBK was more abundant in the PAA experiments containing 
spinel or magnetite as compared to hematite or corundum.  The ketonic decarboxylation 
may be more favorable on the spinel-type structure.  Generally, the mineral surface likely 
stabilizes intermediates from in the reaction of carboxylic acids to ketones.  Based on the 
results of my PAA with mineral experiments, the specific property that controls that 
intermediate stability appears more available in the spinel and magnetite structures.  
 In terms of surface properties, each mineral will be protonated to a different 
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degree based on their intrinsic zero point of charge (pHzpc).  The pHzpc for all four metal 
oxide minerals can be found in Table 2.1.  Spinel has a pHZPC of 9.  At the estimated pH 
of the reaction mixture (i.e., pH <5), the surface of spinel structure would be strongly 
protonated.  Strong surface protonation could allow the release of H2O from metal 
binding sites as a carboxylic acid becomes attached to the Al atom.  A proposed Lewis 
acid catalyzed mechanism for how the spinel mineral is involved in ketonic 
decarboxylation is illustrated in Figure 2.8. However, a Lewis base mechanism could also 
be proposed but is less likely at the pH of solution.   
 
 
Figure 2.8:  Proposed formation mechanism for DBK on the surface of spinel 
(MgAl2O4).  In this mechanism, H2O must be displaced from the mineral 
surface, exposing Al atoms that can then be attached to the carboxylic acid 
group of PAA.  Once an acid is attached, the production of an intermediate 
enol allows C-C formation bond between two PAA molecules.  Once the C-C 
bond is formed, the organic molecule is released from the mineral surface, and 
beta keto decarboxylation occurs in solution producing CO2.  The resulting 
enol tautomerizes to the protonated ketone form then deprotonates, creating 
dibenzyl ketone.   
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 Initially, the surface is occupied by water molecules.  Water is displaced from the 
surface as the carboxylic acids attach to Al atom through chemisorption.  Chemisorption, 
as opposed to physisorption, is likely more favorable at our high temperatures of reaction 
(300°C, 1 kbar).  The preference for such attachments may also increase at longer time 
points.  Once two carboxylic acids become attached to the mineral surface, one of the 
carboxylic acids is converted to an enolate.  The formation of an enolate is the rate 
limiting step in the ketonic decarboxylation reaction.  Experiments were performed with 
α,α-dimethyl phenylacetic acid with magnetite to demonstrate the need for the enolate in 
the ketonic decarboxylation reaction.  Without available hydrogen leaving groups (as 
shown in Figure 2.8) the enolate cannot form.  Magnetite was chosen over spinel in these 
experiments due to higher abundance of measurable DBK in the product mixture.  The 
DBK is consumed in the formation of toluene in spinel experiments making it more 
difficult to observe DBK formation.  If the reaction of α,α-dimethyl phenylacetic acid 
produced a methylated ketone as illustrated in Reaction 2.8, then ketonic decarboxylation 
would not require the formation of the enol.  No methylated ketone molecules were 
observed in the α,α-dimethyl PAA experiments, supporting the importance of enolate 
formation in our proposed mechanism.   
 Reaction 2.8:   
 After the enol forms, the double bond of the enol then attacks the carbonyl carbon 
of the neighboring carboxylic acid.  This step of the reaction is likely further stabilized by 
the partial positive charge of the attached Al atom.  The enolate would likely be unstable 
in solution due to the donating nature of the hydroxide moiety of the carboxylic acid.  In 
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solution, the only positive charge stabilizing the enol formation is the attached proton of 
the carboxylic acid and the newly formed enolate would be adjacent to two oxygens, both 
serving as electron donating groups.  In the surface complexation model, the Al atom 
draws electrons away from the attached hydroxide oxygen of the carboxyl group making 
the oxygen less donating and favoring formation of the enol.  Without formation of the 
enol the nucleophilic attack on the carbonyl carbon on the neighboring carboxylic acid 
will not occur, and therefore no bond is formed. Through a series of protonations, 
deprotonations, and dehydrations the carbonyl portion of the final ketone structure is 
released from the mineral surface.  Though I am uncertain if the final decarboxylation 
occurs on the mineral surface or in solution, a rapid beta keto decarboxylation is a 
reasonable final step before the resultant ketone transforms into DBK.   
 Within the spinel structure, there are two metal centers, Al and Mg, that could 
have been chosen as potential binding sites for 
this reaction.  In the mechanism as it is 
currently proposed, two metal atoms are 
involved in the ketonic decarboxylation.  I 
favor Al as the metal center because the 
average distance between Al atoms in spinel is 
smaller than the distance between Mg atoms.  
A 3D theoretical model of the intermediate 
stage of ketonic decarboxylation after the enol-
forming carboxylic acid has formed a C-C 
bond with the adjacent PAA molecule is illustrated in Figure 2.9.   Calculated simulations 
 
Figure 2.9:  A hypothetical 3D 
model for the formation of DBK on 
the surface of spinel (MgAl2O4) 
along the [010] cleavage plane.  
The distance between the aluminum 
atoms is conducive to the formation 
of a favorable bond between the 
carbon atoms.   
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have not yet been performed to determine the specific configuration of the surface atoms 
under our experimental conditions because it would require the involvement of 
collaboration with researchers that specialize in such simulations.  Though this approach 
is beyond our current capabilities, such calculations are a logical and important direction 
to take these research questions and results.  The model, as presented, is meant to provide 
an idea of where the organic compound could be in relation to the mineral surface as a 
foundation for further study.  The distance between the Al atoms and the attached 
hydroxide moiety oxygen atoms on the carboxylic acids was held constant as the rest of 
the organic molecule was allowed to reach a relaxed stereochemical state.  The distance 
between two Al atoms is ~2.933 angstroms.  The carbon bond formed between the two 
carboxylic acid molecules is ~1.559 angstroms.  The organic molecule does not appear 
strained in this configuration and at these respective bond distances.  The newly created 
bond causes the attached carbons to become chiral.  The more favorable form of the 
chirality is (R, S) which allows the phenyl rings to align in a less strained configuration 
(Figure 2.9).   
 Though Mg cannot be ruled out completely as a potential metal binding site in the 
ketonic decarboxylation reaction, compared to the distance between Al atoms, it seems 
less likely to be the active site.  Adjacent Mg atoms in this spinel are ~3.519 angstroms 
apart, greater than the distance between two Al atoms.  I must note that this argument is 
irrelevant if the ketonic decarboxylation occurs through binding two carboxylic acids to 
one Mg atom.  This argument may also be irrelevant if the ketonic decarboxylation 
reaction occurs on the irregular fractures of the mineral powder where the distance 
between surface Mg may be shorter.  Another reason I favor Al over Mg is how the 
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structure surrounding the metal atom influences the metal atom electronegativity.  An Al 
atom, in solution, does not exhibit a strong electronegative pull, but the Al atoms of 
spinel are not alone in solution.  The Al atoms of spinel are in an octahedral configuration 
bound to six oxygen atoms.  After the loss of the sixth oxygen atom as H2O on the 
surface, the Al would be bound to five oxygen atoms.  The oxygens still attached to the 
Al atom would draw electron density away from the Al atom, causing a drive to fill the 
vacancy with the hydroxyl oxygen of the carboxylic acid.  Mg is in a tetrahedral 
configuration within the crystal structure of spinel and is bound to four oxygen atoms.  
When one oxygen is removed as H2O, the remaining three bound oxygen would not draw 
as much electron density from the Mg as is the case with Al.  The Mg atoms on the 
surface may lack the electronegative drive I would predict Al to exhibit when binding a 
carboxylic acid.  A 3D rendering of organic attachment to Mg was more difficult to 
generate due to the complex relationship between any two Mg atoms in the spinel mineral 
structure.    
 Experiments involving cleaved single crystal planes [111] and [110] support the 
two Al atom mechanism of ketonic decarboxylation.  In the single crystal plane 
experiments, the surface area was much smaller than experiments with spinel powder.  
The PAA with individual crystal plane experiments were run for 46 h.  Ketone product 
was observed in the product analysis.  In these experiments, the largest surface area 
component is the cleaved crystal plane where Al is dominant in comparison to Mg.  
 A caveat regarding the current 3D model is that the model does not account for 
potential changes to the mineral surface in solution.  In solution, the mineral surface may 
take on a different atomic configuration than the bulk mineral.  If so, experiments 
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observing the changes in mineral surfaces and quantum calculations to model the mineral 
surface at our solution conditions would be the next step to understand how organics may 
interact with the surface.  The current model is meant as a first attempt at considering 
how the molecule would orient on the mineral surface.  More work is necessary to 
deconvolute the specific reactions happening at the surface.   
HCA and Magnetite 
 As a test to compare the available reactions of longer-chain carboxylic acids to 
the results of PAA experiments, hydrocinnamic acid (HCA) was chosen as a model 
compound.  Hydrocinnamic acid differs 
from PAA by the addition of a single -
CH2- moiety between the benzene ring 
and the carboxylic acid group.  Magnetite 
was chosen over spinel for the purpose of 
the HCA experiments.  In the PAA 
experiments, DBK was more easily 
observed than in experiments with spinel 
where the ketone was consumed by a 
secondary process.  In hydrothermal 
experiments beginning with 
hydrocinnamic acid (HCA) in water 
alone, reactivity appeared low (Figure 
2.10).  Over the course of four weeks, ~80% of the initial HCA remained.  Less than 2.5 
mole % ethyl benzene, the decarboxylation product, was produced from HCA.  
 
Figure 2.10:  Concentration of HCA 
(blue), EB (green) and diphenethyl 
ketone (red) as a function of time.  The 
HCA with magnetite (filled circles) and 
HCA without minerals (open circles) 
experiments were performed at 300°C, 1 
kbar.  A standard for the ketone was 
unavailable to create calibration curves, 
so the calibration curve for DBK was 
applied to the HCA ketone data set as an 
estimate for quantification.   
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Compared to PAA, the decarboxylation of HCA appears much less favorable.  The major 
product observed in the HCA experiments was an intramolecular product resulting from 
attack of the carbonyl group on a benzene ring, Reaction 2.9.  The ability to create this 
intramolecular product is a direct result of the longer hydrocarbon chain of the HCA 
structure. 
Reaction 2.9:   
 In HCA experiments in the presence of magnetite, overall reactivity was greatly 
increased even at early time points.  Between 70 to 80 mole% of HCA was consumed by 
the 1008 h timepoint (Figure 2.10).  Ethyl benzene grows in at a more rapid rate in 
magnetite experiments, but does not account for the total HCA mass consumed. Most 
notably, the symmetrical ketone was produced (Reaction 2.10) for HCA: 
 Reaction 2.10:  . 
 Many additional products were produced in the HCA with magnetite experiments.  
Though it is difficult to determine all the reaction paths available to HCA without 
quantifying every product, the HCA experiments demonstrate that ketones are still 
formed from longer chain carboxylic acid.  The increased length of the chain also appears 
to increase the overall number of product paths available.  The simplified schematic for 
the reactions available to HCA is outlined in Figure 2.11.   Similar to the production of 
toluene from PAA in the spinel experiments, the ethyl benzene observed is likely a result 
of the breakdown of the symmetrical ketone rather than an enhancement of 
decarboxylation.  Because the ketone formation reaction does not need to compete with 
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the decarboxylation of HCA in solution, the ketone is free to form on the magnetite 
surface and then be consumed by additional reaction paths.  A singular experiment of 
HCA with spinel also produced the ketone structure and the secondary product of ethyl 
benzene.  The starting materials and products of HCA experiments with and without 
magnetite are outlined in Table 2.6. 
  
 
Figure 2.11:  The schematic of ketone, ethyl benzene and the intramolecular product 
in experiments of HCA at hydrothermal conditions.  The intramolecular product is 
only observed without mineral, but the ketone product begins to dominate in 
experiments with magnetite and spinel.   
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Table 2.6.  Starting materials and product distributions for HCA experiments with 
magnetite (Fe3O4) and alone 
Time (h) Mineral 
Mineral  
(mg) 
Surface area 
(m2) 
HCAa Initial  
(mg) 
mole % 
HCAa Final EB
b DPEKc 
66.8 Fe3O4 91.03 0.71 31.90 68.5 4.04 4.05 
66.8 Fe3O4 91.18 0.71 31.29 71.8 3.99 3.84 
168 Fe3O4 90.46 0.71 30.50 59.2 7.65 8.03 
168 Fe3O4 91.43 0.72 31.97 59.5 7.54 7.84 
336 Fe3O4 91.09 0.71 31.23 47.4 11.2 10.7 
336 Fe3O4 90.66 0.71 30.98 46.7 10.8 11.3 
504 Fe3O4 90.46 0.71 31.70 36.1 14.7 13.1 
504 Fe3O4 92.98 0.73 30.31 33.5 15.7 13.1 
672 Fe3O4 90.53 0.71 30.9 26.1 17.4 12.0 
672 Fe3O4 91.82 0.72 30.59 21.9 22.4 12.2 
1008 Fe3O4 92.99 0.73 32.75 13.6 27.2 11.4 
1008 Fe3O4 91.70 0.72 33.40 21.2 23.7 10.6 
187 Fe3O4 91.23 0.71 34.41 65.0 4.97 NA 
358 Fe3O4 91.33 0.71 34.12 40.6 9.10 NA 
522 Fe3O4 89.77 0.70 33.01 27.6 16.8 NA 
756 Fe3O4 90.33 0.71 33.65 16.5 19.9 NA 
        
66.8 none - - 32.51 85.7 0.86 - 
66.8 none - - 32.49 94.3 0.87 - 
168 none - - 31.02 92.6 0.78 - 
336 none - - 31.28 87.7 0.87 - 
336 none - - 33.17 85.8 0.98 - 
504 none - - 29.71 83.6 1.19 - 
672 none - - 31.19 78.0 1.84 - 
672 none - - 31.46 79.9 2.49 - 
1008 none - - 30.97 85.1 2.33 - 
1008 none - - 31.09 83.0 2.26 - 
187 none - - 34.30 90.8 0.19 - 
522 none - - 34.71 86.3 1.45 - 
756 none - - 34.46 77.9 1.87 - 
a HCA = hydrocinnamic acid 
b EB = ethyl benzene 
c DPEK = diphenethyl ketone 
NA = not available; analyzed with a less sensitive GC-FID system 
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Application of These Findings 
The results of my study indicate that the presence of an oxide mineral surface can 
facilitate the formation of new reactions.  Previous studies of carboxylic acids at 
hydrothermal conditions provided different explanations than the formation of ketones. 
Bell et al. (1994) demonstrated the reactivity of acetic acid was enhanced by the presence 
of minerals.  The possibility of a ketone formation mechanism was invoked based on 
evidence from gas phase studies in the literature, but Bell et al. arrived at the conclusion 
that minerals were most likely increasing the rate of decarboxylation.  The 
characterization of ketones and their products was not a focus of their study and the 
impact of ketones during reaction was not fully understood.  Additional studies follow 
this trend due to the analytical challenges of detecting ketone products, like acetone, in 
the reaction mixture (Kharaka et al. 1983; Bell et al. 1994; McCollom and Seewald 2001, 
2003; Seewald 2001, 2003).  In the synthetic organic literature that followed, the creation 
of ketones was demonstrated in various organic solvents (Renz 2005; Gooβen et al. 2011; 
Pham et al. 2013). 
 In the geochemical model of organic compound reactivity (Seewald 2001, 2003), 
successive functional group transformations provide an explanation for why long-chain 
alkanes, short-chain carboxylic acids, CO2, and CH4 are found in petroleum reservoirs.  
The Seewald model implies that once ketones form, the compounds decompose 
irreversibly to carboxylic acids in the presence of water (Figure 2.12a).  Those acids 
undergo another irreversible reaction when they decarboxylate to form alkanes and CO2.  
In fact, the initial step of the model is that long-chain alkanes are themselves products of 
irreversible decarboxylation as the cycle begins again, one chain length shorter. The 
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alkane reacts reversibly to form an alkene, which reversibly hydrates to form an alcohol. 
The alcohol reversibly forms a ketone, and the ketone then forms carboxylic acids. It is 
envisioned that this process leads to smaller and smaller compounds and ultimately 
culminates in the formation of CH4 from acetic acid. 
I have reimagined the Seewald scheme using the compounds utilized in this study 
and studies by Yang et al. (2012) and Glein (2012) in Figure 2.12b.  The central role of 
ketones was probed by Yang et al. (2012) by using DBK, the aromatic ketone formed in 
our ketonic decarboxylation study.  No carboxylic acids were detected in their study 
using DBK (Figure 2.12b).  The reversible redox reactions between alkane and alkene, 
and alcohol and ketone, as well as the reversible hydration/dehydration between alcohol 
and ketone as predicted from the Seewald (2003) model without minerals were confirmed 
by Yang et al. (2012).  The irreversible reaction of DBK to form PAA on the other hand 
was not observed. Nor was there any evidence for formation of DBK from phenylacetic 
 
Figure 2.12:  A new overall scheme (b) drawing adapted from the Seewald (2003) 
reaction scheme (a).  Though the creation of carboxylic acids was not observed 
during our experiments, the reverse reaction, the creation of ketones from 
carboxylic acids was achieved in the presence of spinel.  We also observed the 
secondary reaction of dibenzyl ketone to the decarboxylation product, toluene, in 
the presence of spinel.  
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acid that might be anticipated from the process of ketonic decarboxylation in the 
experimental results of Glein (2012). 
 In my study, the reverse reaction, the formation of ketones from carboxylic acids 
was observed.  The analytical difficulties from previous studies were also minimized due 
to the selection of nonvolatile compounds that were more easily extracted into DCM.  
Ketones could be quantitatively measured.  The ketonic decarboxylation of PAA to DBK 
and the literature that supports the formation of ketones from carboxylic acids on metal 
oxides (Renz 2005; Gooβen et al. 2011; Pham et al. 2013), indicate that the current 
understanding of hydrothermal organic reaction paths is incomplete.  There may be 
different ways to arrive at the same products discussed in the Seewald scheme.  For 
example, ketones can form alkanes and carboxylic acids can produce ketones.  Ketonic 
decarboxylation is just the first example of reactions that have not been strongly 
considered, until now.  The next step would be to determine ways to create different 
lengths of carboxylic acids at hydrothermal conditions.  If so, then it may be possible to 
completely reimagine the organic reaction scheme for hydrothermal reactions.   
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CHAPTER 3 
EVIDENCE FOR ELECTROCHEMICAL OXIDATION ON A SURFACE 
Introduction & Background 
 Can a mineral surface facilitate the formation of benzoic acid (BA) from 
phenylacetic acid (PAA)?  In the previous chapter, I discussed the use of an oxide surface 
to produce ketone structures from carboxylic acids through ketonic decarboxylation 
(Figure 3.1, left).  This process was observed in the presence of four different metal 
oxides: spinel (MgAl2O4), magnetite (Fe3O4), hematite (Fe2O3) and corundum (Al2O3).  
In those cases, the formation of the ketone structure is conceptualized as a surface 
process involving attachment of the carboxylate at favorable metal active sites.  
Properties such as the zero point of charge (ZPC or pHzpc) and crystal structure determine 
the rate of ketone formation.   
 The formation of benzoic acid (BA) from phenylacetic acid (PAA) was observed 
in Cu(II) solution by Yang et al. 2015.  The summarized reaction as proposed and 
investigated by Yang et al. is illustrated in Figure 3.1 (right).  Cu(II) was an oxidizing 
reagent, reduced to Cu (I) by accepting electrons from the organic acid.  The reaction 
mechanism begins when PAA decarboxylates.  After the decarboxylation, the organic 
 
Figure 3.1:  The formation and consumption of DBK, a symmetrical ketone, from 
PAA (left; see Chapter 2) and the oxidation of phenylacetic acid to benzoic acid in the 
presence of dissolved Cu(II) in solution (right; Yang et al. 2015).  
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structure loses a proton to solution and an electron to Cu(II), becoming a benzyl radical.  
An additional electron is lost from the organic structure to a different equivalent of 
Cu(II), forming a benzyl carbocation.  The benzyl carbocation is then hydrated to form 
benzyl alcohol.  Benzyl alcohol loses a proton to solution and an electron to Cu(II) to 
form another radical intermediate.  The radical intermediate loses a proton to solution and 
an electron to Cu(II), forming benzaldehyde.  Benzaldehyde reacts with water, loses a 
proton to solution and an electron to Cu(II) to form a hydrate radical intermediate.  The 
hydrate radical intermediate loses a proton to solution and an electron to Cu(II) to form 
the final benzoic acid product.  In the total reaction from PAA consumption to BA 
formation, six electrons were generated, reducing six Cu(II) cations to Cu(I).   Six 
protons were released throughout the course of the reaction into the solution.  No surface 
was necessary for the reaction to proceed.  Other studies have used Cu(II) as an oxidizing 
agent and some have even used Cu(III) though the results were less robust (Kaeding 
1964; Imamura et al. 1982; Bowker et al. 1983; Agterberg et al. 1994; Pestman et al. 
1997; Gooβen et al. 2010).   
 Though the reaction can proceed without a surface, evidence of surface 
involvement has also been observed, but only in the presence of an electron acceptor such 
as a dissolved metal cation or O2.  A surface mediated oxidation of carboxylic acids was 
performed with Cr(VI) (Deng and Stone 1996).  Though the focus of that work was on 
how to reduce Cr(VI) by using organic compounds as reductants, surfaces such as TiO2, 
γ-Al2O3 and α-FeOOH (goethite) exhibited catalytic potential for oxidizing species such 
as α-hydroxyl carboxylic acids and their esters.  Oxalic acid (C2O4H2) was oxidized to 
2CO2, 2H
+ and 2e- in the presence of surfaces and the Cr(VI) cation.  Benzaldehyde, 
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under the Deng and Stone (1996) experimental conditions, did not oxidize rapidly to 
produce benzoic acid through the loss of two H+ and two e-.  The oxidation of methane to 
CO2 and H2O was performed by utilizing a nickel and iron spinel (NiFe2O4) and O2 as an 
oxidizing reagent (Zhang et al. 2016).  The formation of a formate-like intermediate was 
observed in the Zhang et al. study at temperatures of 250-300°C.  NiFe2O4 has the same 
crystallographic structure as magnetite (Fe3O4), an inverse spinel oxide.  I propose that 
Fe3O4 could exhibit similar surface mediation of oxidation for the formation of BA from 
PAA in hydrothermal experiments at 300°C and 1 kbar.   
 Properties of a mineral such as available redox states of the metal atoms or the 
band gap, conduction band, and valence band of a specific mineral may determine if the 
mineral can be reduced, or if the mineral acts as a semiconductor.  Though spinel has a 
similar crystal structure to NiFe2O4 and Fe3O4, both spinel and corundum lack metal 
atoms that have multiple oxidation states.  Both minerals successfully act as reaction 
surfaces for ketonic decarboxylation, but did not form BA from PAA in experiments.  
Spinel and corundum are likely electrical insulators, unable to allow electrons to flow 
easily from the organic acids through the mineral structure.  Magnetite and hematite, on 
the other hand, both contain iron atoms that can exist as either Fe(II) or Fe(III).  
Magnetite has both Fe(II) and Fe(III) within its structure while hematite only has Fe(III).  
This difference in the mineral composition of magnetite and hematite, compared to spinel 
and corundum, could activate additional reactions such as the formation of BA from 
PAA.  
 My current study focuses on magnetite because it is a mineral with a small band 
gap and better semiconductor properties than I would expect from spinel.  Experiments of 
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PAA with magnetite were performed at hydrothermal conditions (300°C and 1 kbar).  
Magnetite successfully facilitated ketonic decarboxylation of PAA to DBK, but 
additional products were formed at similar rates to DBK production.  Experiments with 
hematite (Fe2O3) were also performed to compare the distribution of products and the rate 
of product formation.  Unlike magnetite, hematite does not have a spinel structure.  
Hematite has a crystal structure like corundum.  Iron is present as Fe(III) in the hematite 
structure and the semiconductor properties of hematite are less favorable than the 
properties of magnetite.  The electronic properties of hematite and magnetite are listed in 
table 3.1.   
Table 3.1.  Electrochemical properties for selected metal oxides (a Xu and Shoonen 
2000; b Luther 2016) 
Mineral Formula pHZPC X (eV) Eg (eV) ECB (eV) Metal oxidation states 
spinel MgAl2O4 9.0
b    Mg2+, Al3+ 
magnetite Fe3O4 6.5
a 5.78a 0.1a -5.73a Fe2+, Fe3+ 
hematite Fe2O3 8.6
a 5.88a 2.2a -4.78a Fe3+ 
corundum Al2O3 9.4
b    Al3+ 
X = absolute electronegativity 
Eg = band gap 
ECB = conduction band 
 
 The band gap (Eg), defined as the different in energy between the valence band 
and conduction band in solid materials, is 0.1 eV for magnetite and 2.2 eV for hematite.  
A valence electron is bound to a specific atom while a conduction electron is free to 
move about within the material.  A smaller band gap represents an easier ability to 
transfer electrons between the valence and conduction bands.  Many metals have very 
small band gaps and act as conductors for electrons.  A lower conduction band energy 
(ECB), more negative, means that an electron donor can more easily transfer an electron to 
the electron accepting material.  Of the two minerals, hematite and magnetite, I would 
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expect that magnetite will be able to accept electrons from organic compounds as donated 
through the mechanism of Figure 3.1 (right) from PAA to BA.  Hematite should be able 
to act as an electron acceptor in a similar way, but to a lesser extent to magnetite due to 
hematite’s larger band gap (Eg).  Whether or not hematite is acting as a semiconductor or 
as a reductant, reducing Fe(III) on the surface to Fe(II), will require additional 
experiments not performed in my current work. 
Methods 
Reagents.  Phenylacetic acid (PAA) and benzoic acid (BA) were purchased from 
Sigma-Aldrich at a purity of 99% and 99.5% respectively.  The 13C-labelled PAA was 
purchased from Sigma-Aldrich at 99 atom % 13C purity.  The α-13C-benzoic acid- was 
purchased from Sigma-Aldrich at 99 atom % 13C purity.  2-phenylacetophenone was 
purchased from Sigma-Aldrich in 97% purity.   Dichloromethane (DCM, 99.9%) was 
purchased from Fisher Chemical.  Deionized (DI) water was obtained using a Diamond 
Nanopure Water System (18.2 MΩ·cm resistivity). Decane (99%) from Sigma-Aldrich 
was used as the internal standard for quantitative analysis during gas chromatography.  
Magnetite (Fe3O4) and hematite (Fe2O3) powders were purchased from Alfa Aesar in 
99.997% (metals basis) and 99.998% (metals basis) purity, respectively.  
Experimental. Reaction containers were made of gold to allow results to be more 
closely compared to Glein 2012.  Preparation of the gold reaction container and cleaning 
procedures were followed the same as outlined in Chapter 2.  Phenylacetic acid (PAA), 
hydrocinnamic acid (HCA), or benzoic acid (BA) was added to the capsule to an initial 
concentration of 1 M in 200 μL of Nanopure water.  The water was purged with low-
pressure ultra-high purity (UHP) argon for one hour to remove dissolved oxygen prior to 
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addition to the capsules.  After addition of reactant and water, the headspace was purged 
with UHP argon for 1 minute before welding the capsule closed.  A mass of mineral 
powder equivalent to a surface area of 0.07 m2 was added to capsules containing the 
organic acid of study, to generate time series data.  Welding, experimental setup of the 
stainless-steel hydrothermal bomb and clamshell furnace, and measurement of the mass 
of capsules after reaction were the same as described in Chapter 2. 
Reagent Analysis. A Siemens D5000 X-Ray Diffractometer at ASU was used to 
determine the crystalline identity of mineral reagent powders.  Surface area of the mineral 
powders was determined by N2 adsorption (using a Tristar II 3020) in the Goldwater 
Environmental Laboratory at ASU.  Particle size and surface morphology images of 
hematite (Fe2O3) and magnetite (Fe3O4) were imaged with a FEI XL30 Environmental 
SEM-FEG in the Leroy Eyring Center for Solid State Science.  SEM images of hematite 
and magnetite powders can be found in Appendix B and C, respectively.  The powders 
were mounted on 12.7 mm round aluminum pin stubs (Ted Pella) and adhered to the 
surface of the mounts by carbon tape.  Images were taken in secondary electron (SE) 
mode at 5.00 kV, spot size 4.0 and samples were coated with a gold-palladium sputter 
target. 
Product Analysis. Extraction procedures were followed as described in Chapter 2.  
Product mixtures were analyzed using a Bruker Scion 456 gas chromatograph (GC) 
equipped with an autosampler and a polycapillary column (5% diphenyl/95% 
dimethylsiloxane, Supelco, Inc.) and a flame-ionization detector (FID). The GC oven 
temperature program as described for PAA and HCA in Chapter 2 was also utilized in 
these experiments. The identity and structure of products was determined by use of an 
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Agilent 6890/5973 gas chromatograph/mass spectrometer (GC-MS) system in the 
laboratory of Dr. Pierre Herckes at ASU.  Initial matches for structures were made with 
the NIST (National Institute of Standards and Technology) database.  Further 
identification of organic compounds was the same as described in Chapter 2. 
Experiments with PAA and Magnetite or Hematite 
 Compared to results for phenylacetic acid (PAA) experiments without minerals 
(Glein 2012), experiments that contained magnetite (Fe3O4) consumed ~20% more PAA 
and produced less TOL (Figure 
3.2).  In hematite experiments, 
toluene (TOL) production and 
PAA consumption was within ~4 
% of the experiments without 
mineral.  If toluene is not being 
created at a rate that matches the 
rate of toluene produced in 
experiments without minerals, 
then we must assume additional 
products, such as dibenzylketone 
(DBK) have been formed. 
Similar to experiments 
with spinel, DBK and trans-
stilbene (TSB) are both produced in the presence of magnetite and hematite (Figure 3.3a, 
f & b, g) and are expected products of ketonic decarboxylation on a metal oxide surface.  
 
Figure 3.2:  PAA and TOL concentration as a 
function of time.  Hydrothermal (300°C and 
1kbar) experiments of PAA with magnetite 
(squares) and hematite (diamonds).  The 
production of TOL (green) and loss of PAA 
(blue) is compared to the results of hydrothermal 
experiments PAA by Glein 2012 (dotted line).  
Analytical error bars fall inside the size of the 
symbols. 
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Less of both products are observed in the experiments containing hematite.  Trans-
stilbene production appears to be favored over DBK in the case of hematite and the 
reverse is true with magnetite.  In addition to the formation of DBK and trans-stilbene, a 
shorter chain carboxylic acid, benzoic acid (BA) was also produced (Figure 3.3c, h).  
Two additional products emerge at later times: 2-phenylacetophenone (PAPO), an 
asymmetrical ketone, and benzene (BENZ) seen in Figure 3.3d, i & e, j, respectively.  
The experimental starting conditions of experiments with magnetite and hematite are 
listed in Table 3.2.  Magnetite and hematite produce the same number of products, but the 
overall abundance of those products is greater in the magnetite experiments.  The rate of 
DBK and trans-stilbene production is faster in the PAA with magnetite experiments.  The 
rate of production for BA, the shorter chain carboxylic acid, is faster in the magnetite 
 
Figure 3.3:  Concentration of products as a function of time for experiments of PAA 
with magnetite (Fe3O4, black circles) and hematite (Fe2O3, red circles) at 
hydrothermal conditions (300°C, 1 kbar).  The formation of DBK (a and f) and trans-
stilbene (b and g) are expected from ketonic decarboxylation.  Benzoic acid (c and h) 
begins to form but then appears to be immediately consumed.  An asymmetrical 
ketone, 2-phenylacetophenone, (d and i) begins to appear along with benzene (e and 
j). Note the difference in concentration scales for the different minerals.  Analytical 
error bars are within the size of the symbols.  Experiments with magnetite were 
performed in duplicates. 
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experiments than the hematite experiments.  In the PAA with magnetite experiments, BA 
appears to be consumed through an additional reaction path.  The production of PAPO 
and BENZ occurs in both magnetite and hematite experiments, but the rate of production 
is faster in the PAA with magnetite experiments.     
 
Table 3.2.  Starting materials and product distributions for PAA with magnetite (Fe3O4) or 
hematite (Fe2O3) 
Time  
(h) 
Mineral 
Mineral  
(mg) 
Surface area 
(m2) 
PAA Initial 
(mg) 
mole % 
PAA Final BA BENZ PAPO 
2 Fe3O4 95.40 0.75 28.19 71.27 1.68 0.017 0.304 
2 Fe3O4 92.85 0.73 27.98 66.32 1.78 0.026 0.294 
8 Fe3O4 91.67 0.72 29.05 39.19 4.86 0.188 1.31 
8 Fe3O4 91.21 0.71 27.78 41.65 5.23 0.159 1.21 
18 Fe3O4 92.23 0.72 27.88 19.28 2.88 0.416 5.31 
18 Fe3O4 91.55 0.72 27.84 18.56 2.71 0.392 5.63 
25 Fe3O4 90.81 0.71 27.67 13.22 2.15 0.494 6.79 
25 Fe3O4 91.93 0.72 27.81 12.96 1.94 0.557 6.95 
38 Fe3O4 90.84 0.71 27.46 10.05 1.42 0.571 7.24 
38 Fe3O4 91.82 0.72 28.74 9.62 1.52 0.597 7.01 
51 Fe3O4 91.09 0.71 28.17 8.80 1.72 0.764 6.36 
51 Fe3O4 91.38 0.71 28.30 8.95 1.70 0.755 6.52 
61 Fe3O4 91.01 0.71 27.93 8.59 1.80 0.879 5.65 
61 Fe3O4 91.68 0.72 28.80 8.37 1.79 0.917 5.54          
2 Fe2O3 54.90 0.71 29.29 97.35 0.49 NA 0.174 
8 Fe2O3 55.95 0.72 28.95 72.85 0.57 0.033 NA 
19 Fe2O3 55.75 0.72 28.56 38.46 0.68 0.047 NA 
25 Fe2O3 55.89 0.72 28.57 31.16 0.67 0.056 0.214 
38 Fe2O3 54.38 0.70 28.50 18.04 0.94 0.116 0.243 
51 Fe2O3 55.28 0.71 28.49 12.23 0.81 0.129 0.232 
51 Fe2O3 27.23 0.35 14.09 21.75 1.20 0.144 0.424 
PAA = phenylacetic acid 
BA = benzoic acid 
BENZ = benzene 
PAPO = 2-phenylacetophenone 
NA = not analyzed 
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Benzoic Acid with Magnetite 
 The shorter chain carboxylic acid, BA, was observed in both the PAA with 
hematite and PAA with magnetite 
experiments.  BA appears to be 
consumed during later times of the 
experiment (Figure 3.3c).  In the PAA 
with magnetite experiments, BA 
concentrations increase until the 10 h 
timepoint.  BA is rapidly consumed to 
form an additional product at times 
beyond 10 h.  In BA with hematite 
experiments, an extreme drop in BA 
concentration is not observed.  In 
experiments starting with BA without 
minerals at hydrothermal conditions (see Figure 3.4), the only product is benzene as 
expected from decarboxylation (Glein 2012), e.g., Reaction 3.1,  
Reaction 3.1:  . 
 I performed BA with magnetite experiments and compared the results with the 
results of BA alone (Figure 3.4).  The experimental conditions and product 
concentrations for experiments of BA with and without magnetite are listed in Table 3.3.  
In BA with magnetite, the consumption of BA was like the consumption of BA without 
minerals.  The only product produced was benzene at a rate similar to the production of 
 
 
Figure 3.4:  BA concentration (open 
circles) and BENZ concentration (filled 
circles) vs. time at hydrothermal 
conditions (300°C and 1kbar).  BA 
experiments without minerals (blue) from 
Glein 2012 and BA experiments with 
magnetite (black).  Analytical errors bars 
are within the size of the data points. 
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benzene without minerals.  No ketonic decarboxylation product, benzophenone, was 
observed, e.g., Reaction 3.2.   
Reaction 3.2:  
 
Table 3.3.  Starting martials and product distributions for BA with magnetie & BA alone (from 
Glein 2012) 
Time (h) Mineral Mineral (mg) 
Surface area 
(m2) 
BAa Initial 
(mg) 
mole % 
BAa Final benzene 
18 Fe3O4 90.47 0.70 25.64 81.0 13.2 
96 Fe3O4 92.05 0.72 25.45 70.0 36.6 
192 Fe3O4 91.94 0.72 26.94 53.8 52.3 
314 Fe3O4 92.99 0.73 24.55 21.2 70.7 
       
0 none - - 25.03 100 0.888 
21 none - - 24.17 93.9 6.92 
70 none - - 26.01 73.2 25.8 
168.5 none - - 25.52 51.2 48.0 
360 none - - 24.79 19.8 76.8 
a BA = benzoic acid 
 
To determine if BA would react with PAA, I performed an experiment beginning 
with a 50:50 mixture of PAA and BA with magnetite.  The result of that experiment 
showed a ~4% increase in PAPO production at 25 h compared to experiments starting 
with PAA alone.  An experiment starting with only the asymmetrical ketone, PAPO, 
produced benzoic acid, toluene, and detectable trans-stilbene.  Additional products that 
correspond to radical coupling products (e.g. bibenzyl, bibenzyl isomers, and 3-ring and 
4-ring products observed in Yang et al. 2012) were also detected in trace amounts.      
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Consumption of Benzoic Acid in PAA with Magnetite 
 Both PAPO and BENZ are likely direct products of BA.  The sum of PAPO and 
BENZ (plotted in the same field 
as BA consumption, Figure 3.5a) 
produces a smooth curve that 
appears to increase at a similar 
rate as BA decreases.  The 
experiments beginning with 
50:50 PAA and BA with 
magnetite support the production 
of PAPO as a product of BA.  
The BA with magnetite 
experiments support evidence for decarboxylation to benzene in the PAA with magnetite 
experiments.  In the Cu(II) oxidation of PAA to BA studied by Yang et al. 2015, the 
production of BA was the only product and reached 100% conversion from PAA.  The 
same cannot be said for the conversion of PAA to BA in the PAA with magnetite 
experiments.  BA is consumed at a rate almost equal to its production.  The total amount 
of BA that was ever created in the PAA with magnetite experiments as a sum of BA, 
PAPO and BENZ (ΣBA) accounts for roughly 10 mole % of total experimental mass 
(Figure 3.5b).  At longer time points, the total sum of BA (as seen Figure 3.5b) begins to 
decrease.  This is likely due to the formation of trans-stilbene from PAPO as supported 
by the experiments starting with PAPO at hydrothermal conditions, e.g. Reaction 3.3, 
 
 
Figure 3.5: (a) BA concentration (open circles) 
and the sum of PAPO and BENZ concentration 
(filled circles) as a function of time.  (b) The sum 
of BA, PAPO and BENZ concentration as a 
function of time.  Both plots contain products of 
PAA with magnetite experiments at hydrothermal 
conditions (300°C and 1kbar). 
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 Reaction 3.3:  
 In the hematite experiments, the formation of trans-stilbene is greater than the 
amount of DBK measured.  An explanation could be the conversion of PAPO in hematite 
experiments to trans-stilbene, but further experiments are necessary before drawing 
conclusions as to the origin of trans-stilbene from PAPO. 
Reaction Scheme for PAA with Magnetite and Hematite 
 From the experimental results of PAA with magnetite as well as experiments to 
investigate secondary products, a reaction network can be constructed (Figure 3.6).  PAA 
reacts with another PAA molecule on the oxide surface to form DBK, as expected 
through ketonic decarboxylation.  DBK can be consumed to form toluene.  Unlike the 
experiments with spinel, the production of toluene from DBK does not appear to be 
enhanced by the magnetite and hematite surfaces.  In experiments of DBK without 
 
Figure 3.6:  The proposed reaction network for the formation of measured products in 
experiments of PAA with magnetite and PAA with hematite. 
 
  
  60 
minerals as studied by Yang et al. 2012, we know that the reaction of DBK to toluene is 
slower than the decarboxylation of PAA at our experimental time scale (Figure 2.4).  The 
fact that toluene production from DBK does not appear enhanced in the magnetite and 
hematite experiments may be a result of the surface participating in additional reactions, 
making the surface unavailable to consume DBK to toluene.  If the surface was available 
for reaction, toluene production from DBK may in fact be enhanced.  In terms of 
additional reactions occurring on the surface, PAA produces BA.  BA is consumed 
through two different reaction paths.  In experiments of BA with magnetite, 
decarboxylation to benzene is the only observed reaction.  The lack of ketonic 
decarboxylation in BA experiments is expected if the mechanistic necessity for an enolate 
intermediate is accurate, as explained in Chapter 2.  Ketonic decarboxylation cannot take 
place because BA cannot form the enolate needed for nucleophilic attack on another 
carboxylic acid.  Without additional organic compounds in the reaction mixture, BA is 
only capable of decarboxylation (e.g. Reaction 3.1). 
 For the same reason that I do not expect the formation of benzophenone (e.g. 
Reaction 3.2 in the BA and magnetite experiments, we do expect the formation of 2-
phenylacetophenone (PAPO) in experiments where both PAA and BA react in the 
presence of hematite or magnetite (Figure 3.6).  In that case, PAA can form the enolate 
that is then capable of performing a nucleophilic attack on the carbonyl carbon of BA, 
e.g., Reaction 3.4 and 3.5, 
Reaction 3.4:  , and 
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Reaction 3.5:  . 
 The fact that BA cannot form the enolate is irrelevant in this reaction and may in 
fact serve to stabilize the ketone product because the carbonyl is always available for 
nucleophilic attack.  This stability could explain why the benzoic acid is consumed 
rapidly.  Compared to the formation of dibenzyl ketone (DBK), BA is also more stable in 
solution, as observed by the longer timescale over which decarboxylation takes place 
(Figure 3.4) in comparison to the timescale for the decarboxylation of PAA (Figure 3.2).  
As PAA is being rapidly consumed by decarboxylation, BA remains available for 
additional reactions as it slowly decarboxylates in solution.    
 Experiments starting with PAPO (with and without magnetite) resulted in the 
formation of BA and toluene, e.g., Reaction 3.6,   
Reaction 3.6: . 
 PAA was not detected as a product of the PAPO experiments.  If PAPO formed 
PAA, I would expect it to be the result of a reaction producing both PAA and BENZ, e.g., 
Reaction 3.7,   
Reaction 3.7: . 
 The fact that PAA is not detected may be a result of the greater stability of BA.  
Another explanation could be that the PAA decarboxylates as it is produced, resulting in 
only toluene product formation by the time of analysis.  Though BA may be favored over 
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PAA in the experimental decomposition of PAPO, this result could be specific to the 
structure and stability of BA and may not be applicable to other short chain carboxylic 
acids.  Further experiments and calculations are needed to determine if other carboxylic 
acid structures would favor one product over another through the consumption of ketone 
reactants. 
13C-Labelled PAA Results  
 The formation of BA from PAA (Figure 3.6) appears to be an oxidation similar to 
that observed in Yang et al. 2015.  This explanation was investigated through 13C-
labelled phenylacetic acid experiments.  By labelling the carbonyl carbon of PAA, I was 
able to track the labelled products via GC-MS and determine if BA formation was a 
result of oxidation (Reaction 3.8), or the result of de-acylation followed by re-
carboxylation to the phenyl ring (Reaction 3.9).    
Reaction 3.8:     
Reaction 3.9:      
 The GC-MS results of the 13C-labelled PAA experiments in the presence of 
magnetite revealed an unlabeled BA (Reaction 3.8), confirming the product is, in fact, the 
result of oxidation.  The PAPO product also lacked a 13C-label.  This result implies that 
the remaining carbonyl carbon originated from BA during the ketonic decarboxylation 
reaction, e.g., Reaction 3.10,   
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Reaction 3.10:  . 
 The unlabeled asymmetrical ketone provides additional support for the ketonic 
decarboxylation mechanism discussed in Chapter 2.  In Reaction 3.4, PAA forms the 
enolate that attacks the carbonyl carbon of BA.  During ketonic decarboxylation, the 
carboxylic acid that formed the enolate will eventually lose CO2 at the final 
decarboxylation step to form the ketone.  In the case of unlabeled BA and labelled PAA, 
the resulting PAPO will be unlabeled because PAA formed the enolate and will lose its 
CO2 through beta-keto decarboxylation. 
 As I expected, DBK was formed in the labelled carbon experiments and was 13C-
labelled at the carbonyl carbon.  The formation of DBK is the result of two labelled PAA 
molecules and therefore contains a labelled 13C regardless of which PAA forms the 
enolate during reaction, e.g., Reaction 3.11,   
Reaction 3.11:  . 
Mechanism of Benzoic Acid Formation from Phenylacetic Acid 
 I propose that the mechanism of oxidation from PAA to BA in experiments with 
magnetite or hematite proceeds in much the same way as the mechanism of oxidation 
from PAA to BA in Cu(II) solution (Yang et al. 2015).  A fundamental difference 
between the Cu(II) experiments and my experiments is the presence of a mineral surface 
that can activate additional reaction pathways such as ketonic decarboxylation.  These 
surface reactions are otherwise unavailable with only PAA and BA in solution.  A 
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mineral surface enhances both the production and consumption of BA.  Once BA is 
formed, it is consumed to form PAPO.   
 Figure 3.7 is a schematic representation of the mechanistic steps of oxidation 
from PAA to BA on a mineral.  The oxidation process is a series of single electron and 
single proton exchanges with the mineral surface.  Initially, the PAA is deprotonated to 
form the carboxylate.  Once attached to the mineral surface, the carboxylate will lose CO2 
and release an electron to the mineral conduction band.  The resulting organic radical is 
 
 
Figure 3.7: Mechanistic schematic for the progressive oxidation of PAA to BA.  The 
PAA decarboxylates to form a radical in interaction with the mineral surface.  In 
contrast to the mechanism with Cu(II), the loss of the electrons may be absorbed by 
the magnetite into the conduction band rather than by reducing a metal ion in solution.   
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stabilized by the mineral surface and releases another electron.  A benzyl carbocation is 
formed and is immediately hydrated to form benzyl alcohol.  Benzyl alcohol is not 
observed during experiments with magnetite or hematite, but is hypothesized to be a 
short-lived intermediate species that reacts quickly to form benzaldehyde.  Benzyl 
alcohol loses another electron to the mineral to form a carbocation radical stabilized on 
the benzene ring.  The carbocation loses another H+ to form the radical on the primary 
carbon.  Another electron is released to the mineral, resulting in a positive charge on the 
primary alcohol carbon.  Loss of H+ results in the formation of benzaldehyde.  Trace 
amounts of benzaldehyde were observed in the experimental chromatogram results of 
PAA and magnetite.  From benzaldehyde, two reaction paths are available, either loss of 
an electron followed by hydration, or hydration followed by the loss of an electron.  Both 
paths result in the formation of a hydrate structure with a radical carbocation stabilized by 
the benzene ring.  Deprotonation of the hydrate results in another radical that releases an 
electron to the mineral and results in the formation of a positively charged hydrate.  
Another H+ is released resulting in the final product of benzoic acid.  
 In the Cu(II) experiments, six Cu(II) were reduced to Cu(I) per molecule of PAA.  
In the proposed mechanism, six electrons are donated to the mineral and six protons are 
generated, either attaching to oxygen on the mineral surface or being released to solution.  
Though further investigation is necessary to determine the specific role that the mineral 
surface plays in the oxidation reaction, I can currently think of two explanations.  The 
mineral either temporarily stores the electrons within its conduction band and eventually 
reduces protons to H2, or surface metal atoms are reduced from Fe(III) to Fe(II) as 
electrons are released from the organic structure.  The explanation may differ from 
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magnetite to hematite.  Magnetite has more favorable conduction properties than hematite 
(see Table 3.1), but hematite has more surface Fe(III) sites than magnetite.  Either both 
minerals are acting as semiconductors, both minerals are being reduced, or magnetite is 
acting as a semiconductor and hematite is being reduced.  The lower concentration of 
benzoic acid and benzoic acid products, PAPO and benzene, in the hematite experiments 
as compared to magnetite could be an indication that hematite is not acting as an effective 
semiconductor and is instead being reduced.  Once all of the surface Fe(III) are reduced 
to Fe(II), the production of BA in the presence of hematite should stop if this is so.  The 
concentration of BA formed from PAA with hematite (Figure 3.3h) does appear to level 
off at later timepoints.  For every molecule of PAA there are six e- and six H+ generated.  
Also, two molecules of H2O are consumed and one molecule of CO2 is produced in the 
formation of BA from PAA, e.g., Reaction 3.12, 
Reaction 3.12:  
 . 
 If magnetite truly is acting as a semiconductor, the electrons cannot remain within 
the magnetite indefinitely without reducing magnetite.  Something in the reaction mixture 
must be reduced.  Protons, bound to the surface of magnetite would be a good electron 
acceptor.  The result should be production of H2, e.g., Reaction 3.13,   
 Reaction 3.13:   6 e- (mineral) + 6 H+  3H2 . 
 Similarly, if magnetite is losing electrons through the reduction of protons to H2, 
then the amount of BA created should only be limited by the amount of PAA available in 
solution.  The starting PAA is much more abundant than the number of active sites 
available on the mineral surface.  I calculated the ratio of unbound PAA at the start of 
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reaction to the bound PAA molecules.  The surface area of magnetite powder used in 
experiments was 0.7 m2.  If every available binding site on the mineral surface was 
saturated at the start of the experiment, there would be 511 unattached molecules of PAA 
for each molecule of attached PAA.  Of course, the number of unreacted PAA molecules 
decreases throughout the course of the experiment.  To test whether or not magnetite 
could continue to form BA from PAA would require a constant flux of PAA.   
 An experimental approach to test whether or not the mineral is being reduced or 
used as a semiconductor would be to measure H2 and pH of the reaction mixture.  For 
every electron released from the BA formation pathway, a proton is also generated.  If the 
protons are being reduced to H2 as I propose is the case for magnetite, then H2 should be 
measurable.  Three molecules of H2 would be generated per every molecule of BA.  If we 
use the sum of BA as calculated for Figure 3.5b, assuming our final concentration of BA 
is ~9 mole %, then ~0.054 mmol of H2 should be produced.  The only other potential 
source of H2 in the experiments of PAA and magnetite is the oxidation of bibenzyl to 
trans-stilbene (Yang et al. 2012).  If H2 is not detected in high abundance, that would 
imply that the mineral itself was reduced during the oxidation reaction.  In this case, the 
pH of solution should be more acidic than what I would expect from the deprotonation of 
PAA and BA in solution.  I suspect this to be the case for experiments of PAA with 
hematite.  There are several different sources for protons in solution.  Six protons are 
released for every BA generated.  PAA in solution releases one proton prior to 
decarboxylation.  Ketonic decarboxylation releases two protons from two molecules of 
PAA prior to attachment on the mineral surface.  Since the production of BA releases five 
more protons than any other PAA consuming reaction, this should result in measurably 
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lower pH of solution.  Unfortunately, neither measurement was possible during the 
current set of experiments.  These measurements would be a reasonable next step in 
determining what role the mineral plays during the formation of BA.  
 The question remains as to how reaction intermediates of BA formation are 
attached to the mineral surface.  One explanation may be the result of attached protons on 
surface oxygen.  If every attached PAA molecule was deprotonated prior to attachment, 
the H+ available to protonate the surface would overwhelm the available sites not 
otherwise occupied in the formation of ketonic decarboxylation products.  Protonated 
active sites may help to stabilize the radical intermediates of the oxidation reaction.  If so, 
the pH of solution and pHzpc of the specific mineral could also play important factors in 
the formation of BA from PAA. 
Complexity of Reaction with Addition of Mineral Properties 
 I demonstrated that a mineral metal oxide surface can facilitate the formation of 
ketones.  DBK was formed from PAA through ketonic decarboxylation experiments of 
PAA with spinel or corundum.  Minerals of similar crystal structures, but different atomic 
formulas also formed ketones.  Experiments of PAA with either magnetite or hematite 
formed DBK but had the additional formation of BA from PAA.  The atomic Fe atoms of 
magnetite and hematite allow the production of BA through a new reaction path and the 
formation of PAPO through ketonic decarboxylation.  The formation of DBK and BA are 
competing reactions on the magnetite surface.  After BA is formed, the ketonic 
decarboxylation of PAA and BA to PAPO becomes an additional competing reaction 
path on the mineral surface.  How would all these competing reaction paths appear 
occurring on the mineral surface in different locations?  The mechanistic summary of all 
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three surface reactions is illustrated in Figure 3.8.  The ketonic decarboxylation occurs 
similarly to the reaction on the spinel surface, though the carboxylate is now attached to 
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the Fe atom of magnetite rather than the Al atom of spinel (Figure 3.8, blue arrow).  As 
DBK is produced, BA is formed from other PAA molecules (Figure 3.8, yellow arrow).  
During BA formation, intermediate products like benzyl alcohol and benzaldehyde are 
formed and consumed resulting in BA.  BA is immediately reattached to the mineral 
surface, undergoing a nucleophilic attack by the enolate of PAA to form the asymmetrical 
ketone PAPO (Figure 3.8, green arrows).  Ketonic decarboxylation to PAPO proceeds 
similarly to DBK production, only containing a BA and a PAA as opposed to two PAA.  
Each PAPO produced will contain the carbonyl carbon of BA.  The enolate forming 
carboxylic acid, PAA, loses its CO2 in the ketone forming reaction.  
 In the PAA with magnetite experiments, the total number of organic reaction 
paths increases and therefore increases the overall number of possible reaction paths 
available between the products formed.  Without the electron conducting properties of 
magnetite and to a lesser extent hematite, the oxidation of PAA to BA would not be 
possible.  Without a mineral surface and the availability of PAA, BA would not form 
PAPO through ketonic decarboxylation.  This is true for experiments with spinel and 
corundum; no BA is formed and no PAPO is formed as a result.  All four minerals (i.e. 
spinel, corundum, magnetite and hematite) were able to form DBK from PAA. 
 A simplified schematic outlining the reactants, products and important 
intermediate species for the carboxylic acid experiments is illustrated in Figure 3.9.  
Darker colored squares indicate reactants and products that can be measured in 
experimental chromatograms.  Lighter colored squares indicate stages of formation that 
either cannot be observed with the current analytical setup or intermediate product stages 
that reacted too quickly to be observed as products in the final experimental mixture.  The 
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lighter the square, the less likely that the intermediate can be observed analytically.  The 
formation of DBK through ketonic decarboxylation is illustrated in blue.  Two PAA are 
attached to the mineral surface.  After the enolate has nucleophilicly attacked the 
carbonyl of the neighboring PAA molecule, there is a resulting intermediate where the 
two acids have formed a C-C bond but are still bound to the mineral surface.  This 
intermediate is colored in light blue.  The oxidation of PAA to BA is illustrated in orange.  
The benzyl radical attachment to the mineral surface cannot be observed.  Benzyl alcohol 
was never detected in the experimental results but is an intermediate product that could 
be observed if trapped prior to reaction.  Trace amounts of benzaldehyde were observed 
in the experimental chromatograms, but could not be quantified.  Ketonic 
 
Figure 3.9:  A simplified schematic overview of reactions on the magnetite surface.  
Dark colored squares indicate products and reactants that could be detected 
analytically.  Light colored squares indicate products and intermediates not observed 
analytically.  DBK formation through ketonic decarboxylation (blue), PAA to BA 
oxidation (orange) and PAPO formation through ketonic decarboxylation (green). 
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decarboxylation to PAPO is illustrated in green, occurring near BA formation.  Like 
production of DBK, the intermediate step where the C-C bond has formed between the 
two acids cannot be observed in the current set of experiments.  The decarboxylation of 
PAA to toluene and the decarboxylation of BA to benzene occur simultaneously in 
solution as the reactions proceed on the mineral surface. 
 As the ketonic decarboxylation to DBK and PAPO proceed on the surface, they 
are released to the aqueous solution to undergo reactions without minerals.  DBK is 
consumed to form radicals which result in bibenzyl, the radical coupling product.  
Bibenzyl is then reversibly oxidized to trans-stilbene.  PAPO decomposes to BA and 
toluene, regenerating one of the carboxylic acid reactants.  At longer timescales, these 
reactions would proceed until eventually only the alkane-aromatic structures of toluene, 
benzene, bibenzyl and trans-stilbene remain.  The results of an experiment of PAA and 
magnetite performed for 1776 h resulted in the alkane products listed above.    
HCA Reactions – Complexity from Organic Structures 
 By changing the structure of the mineral used in experiments with PAA I have 
observed the influence that mineral structure and therefore mineral properties can have on 
product distribution.  In natural systems, one organic compound could come in contact 
with many different minerals, but not all organic structures of a specific function group 
will react the same way.  The properties of the organic compound will also influence the 
products that will form and the rate of reactions for product formation.  I observed this in 
the experiments with BA and magnetite.  Without other organic structures available in the 
reaction mixture, BA only decarboxylates.  To probe the types of reaction paths available 
to a larger carboxylic acid structure, compared to PAA, I performed experiments with 
  
  73 
hydrocinnamic acid (HCA) and magnetite.  The quantitative results were discussed in 
Chapter 2 but those results focused on the ketonic decarboxylation product.  Now that we 
have discussed the electrochemical oxidation of carboxylic acids to shorter chain 
carboxylic acids, we can revisit the HCA experiments as a study of product complexity.   
 The reaction schematic for the formation of primary products from HCA and 
selected secondary products is outlined in Figure 3.10.  Figure 3.10 is similar to the 
reaction web illustrated in Figure 3.6 for PAA.  In experiments of HCA without minerals, 
HCA produced 1-indanone as an intramolecular product through the loss of water.  A 
similar intramolecular reaction was not possible in experiments starting with PAA 
because HCA has an additional -CH2- moiety that is absent in PAA.  HCA also reacts 
much more slowly (20% conversion) than PAA in experiments without minerals, 
regardless of the duration of experiments.  Like experiments of PAA with magnetite, 
 
Figure 3.10:  Reaction schematic for the overall consumption of HCA.  Similar to 
experiments with PAA, both a symmetrical (diphenethyl ketone) and asymmetrical 
ketone (1,4-diphenylbutan-2-one) are formed.   
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HCA with magnetite produces a symmetrical ketone and an enhanced amount of ethyl 
benzene, compared to experiments without mineral.  Examples of radical coupling 
products resulting from the symmetrical ketone were observed (see Figure 3.10), but 
many additional products are still unidentified.  The symmetrical ketone may react with 
radical intermediates to form a reaction network of 2-, 3- or 4-ring compounds similar to 
that observed with DBK (Yang et al. 2012).  If so, I would expect that many of the 
unidentified peaks are analogous versions of the DBK products and are the result of the 
symmetrical ketone being consumed.  The oxidation of HCA to PAA is inferred from the 
formation of an asymmetrical ketone structure.  Like PAPO, the asymmetrical ketone 
should either regenerate HCA and produce toluene, or produce PAA and EB.  Further 
investigation is necessary to determine if one reaction path is favored over the other.  If 
the reaction of PAPO is any indication, HCA may be more stable due to its slow rate of 
consumption in solution and therefore more likely to be formed from the asymmetrical 
ketone.  Once PAA is formed it can begin the same reaction pathways we see in the PAA 
and magnetite experiments.  New product pathways, such as the asymmetrical ketone, 
should also be available due to the combination of PAA with HCA and the products of 
HCA.  This initial schematic is centered on the carboxylic acids of the reaction mixture, 
but it is obvious from the experimental chromatograms that many more reactions are 
occurring during the experiments.  There are at least 35-50 unidentified products in the 
chromatograms.  The addition of one -CH2- linkage from PAA to HCA results in more 
products being formed and more reaction paths resulting from those products.  Both the 
structure of the organic compound and the properties of the minerals involved govern 
which reactions take place and how complex the product mixture can become.  Careful 
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study of model reactions such as PAA can provide a window into a simplified version of 
carboxylic acid reaction paths.  Experiments with compounds like HCA can provide an 
example of how the same reactions of PAA can still persist in a system where many more 
reaction paths become possible.  Longer aliphatic carboxylic acids and larger carboxylic 
acids with aromatic moieties may have more reactions available than PAA.  HCA serves 
as a cautionary example of how complicated the product mixture can become.  With the 
incomplete identification of products from HCA and magnetite experiments, it is difficult 
to determine which reactions were influenced by the surface versus the semiconductor 
properties.   
 My current proposal is that the surface resulted in the formation of ketones 
through ketonic decarboxylation, as most metal oxides would.  Additionally, the 
semiconductor properties of magnetite resulted in the formation of PAA from HCA and 
even the formation of BA from PAA in the product mixture.  The larger array of products 
observed was the result of the different ketones reacting in solution and on the mineral 
surface.  These reactions consuming the ketones should form analogous products to what 
was observed with DBK from Yang et al. (2012).  A next step in deconvoluting the 
results would be to perform experiments of HCA with spinel to determine if more than 
the ketonic decarboxylation is taking place on the surface with the new organic structure.  
I performed one experiment with HCA and spinel at a 66 h time point.  There were less 
product peaks and the symmetrical ketone was formed.  Careful analysis of the products 
in the same way I analyzed the results of PAA with minerals is the only way to unravel 
the reactions.  Some will be the result of organic structure, others the presence of a 
surface, and others the semiconductor properties of the mineral.  
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CHAPTER 4 
ALTERATIVE REACTION SCHEME EXPLANATIONS 
Applying Experimental Results to a Previous Study 
 I have observed ketonic decarboxylation in the presence of spinel (MgAl2O4), 
magnetite (Fe3O4), hematite (Fe2O3), and corundum (Al2O3) and electrochemical 
oxidation in the presence of magnetite (Fe3O4) and hematite (Fe2O3).  Combined, as is the 
case of experiments for PAA with magnetite, a carboxylic acid can be consumed through 
both reaction pathways resulting in shorter carboxylic acids and ketones being produced 
from all carboxylic acids present in solution.  This ever-increasing complexity was hinted 
at in results from experiments of HCA with magnetite.  Though not all experimental 
products were analyzed, I saw the formation of ketones and the apparent creation of a 
shorter carboxylic acid in the HCA experiments; the appearance of these products was 
not observed before the presence of minerals in the reaction mixture.  In previous work, 
the ability to form ketones in the presence of minerals at hydrothermal conditions was not 
an accepted reaction pathway for carboxylic acids (Bell et al. 1994; Seewald 2001; 
McCollom and Seewald 2003b).  Is it possible that the reaction pathways I have observed 
are occurring in the previous experimental work, but were not considered due to the 
specific hydrothermal reactivity models of the time?  Carboxylic acids were considered a 
product and not a reactant for larger organic structures.  The eventual goal of my work is 
to apply experimental results to natural systems, but natural systems are complicated and 
messy.  A way to test how analogous my aromatic acid experiments could be to natural 
systems is to apply my results to another experimental study beginning with different 
carboxylic acid reactants. 
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The McCollom and Seewald (2003b) study focused on the reactions of valeric (n-
pentanoic) acid, acetic acid and their carboxylates.  This study is one of many where 
researchers investigated the reactions of carboxylic acids (i.e. valeric acid, acetic acid, 
formic acid and their carboxylate salts) at hydrothermal conditions (Palmer and 
Drummond 1986; Seewald 2001a, 2001b, 2003; Seewald 2006; McCollom and Seewald 
2003a, 2003b).  The experimental containers used during experiments were similar to 
mine; gold was used in all studies mentioned.  A set of mineral assemblages were utilized 
as redox buffers to control the H2 fugacity of solution in the McCollom and Seewald 
(2003b) experiments.  Though the intention was not to use these mineral buffers as 
surfaces for organic compound reactions, the mineral mixture was directly in contact with 
the organic reactants during the duration of experiments.  The composition of these 
different mineral buffers is listed in Table 4.1.    
Table 4.1: Mineral buffers from McCollom and Seewald (2003b) 
Buffer Minerals Formulas 
PPM Pyrite-Pyrrhotite-Magnetite FeS2-Fe(1-x)S-Fe3O4 
HMP Hematite-Magnetite-Pyrite Fe2O3-Fe3O4-FeS2 
HM Hematite-Magnetite Fe2O3-Fe3O4 
 
Though iron sulfide minerals are present in two of the three buffers, all three 
mineral buffers (i.e. PPM, HMP, and HM) contain magnetite (Fe3O4), the same mineral I 
have been studying.  I have already demonstrated through my own experiments that 
magnetite can cause the formation of ketones from carboxylic acids as well as shorter 
chain carboxylic acids.  Two of the mineral buffers contain hematite (Fe2O3), which 
showed the same product distribution as magnetite, but less product yield.  The HM 
buffer contains both magnetite and hematite together.  A reaction scheme for n-pentanoic 
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acid, adapted from McCollom and Seewald 2003b, is illustrating in Figure 4.1.  The 
 
 
Figure 4.1:  An adapted version of the valeric acid reaction schematic from 
McCollom and Seewald 2003.  Naming has been updated to the specific names 
found in the CHNOSZ database using the SupCRT92 application.  Reactants, 
indicated by a (+) before the species alongside the reaction arrows, indicated 
by a (-) before the species alongside the reaction arrows, have been included 
next to reaction arrows in this version of the reaction schematic.   
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reaction scheme is constructed from experimental findings starting with the carboxylic 
acids valeric acid (n-pentanoic acid) and acetic acid in hydrothermal experiments with the 
mineral buffers of Table 4.1.  Though some species of the diagram were measured 
directly (i.e. the carboxylic acids, the alkanes, and the alkenes) the abundance of other 
species were not determined.  The ketones, 2-butanone and acetone, were identified in 
GC-MS analysis but not quantified (McCollom and Seewald 2003b).  The alcohols, 2-
butanol, 2-propanol and ethanol were not detected in experiments, but considered likely 
intermediates during reactions (McCollom and Seewald 2003b).   
Reactions of the McCollom and Seewald Scheme 
 There are four repeating types of generalized reactions occurring in the 
McCollom and Seewald schematic (Figure 4.1); in additional, several special case 
reactions proceed from specific starting compounds.  The four repeating reactions occur 
starting with n-pentanoic acid, butanoic acid, and propanoic acid.  Using n-pentanoic acid 
as an example, the carboxylic acid irreversibly loses formic acid to form an alkene, 1-
butene (Reaction 4.1), 
Reaction 4.1: . 
 From the alkene (i.e. 1-butene) the other three reaction paths become available.  
The alkene (i.e. 1-butene) is hydrated to a secondary alcohol (i.e. 2-butanol) reversibly 
through the addition of water (Reaction 4.2), 
 Reaction 4.2:  . 
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 The alkene (i.e. 1-butene) can also be hydrated to a carboxylic acid (i.e. butanoic 
acid) reversibly through the addition of water and loss of excess hydrogen (Reaction 4.3),  
Reaction 4.3:  . 
 Two redox reactions occur in the reaction scheme and depend on the H2 fugacity 
of the reaction mixture.  An alkane (i.e. butane) can be generated through the addition of 
H2 to the alkene (i.e. 1-butene) as seen in Reaction 4.4, 
Reaction 4.4:  . 
 Starting with the alcohol (i.e. 2-butanol) formed in Reaction 4.2, the ketone (i.e. 
2-butanone) can be reversibly generated through the loss of H2 (Reaction 4.5), 
 Reaction 4.5: .   
 In addition to these repeated reactions, there are also reaction special cases 
starting with specific organic structures.  Acetic acid can be consumed through two 
different reaction paths in the current scheme.  First, acetic acid can decarboxylate to CO2 
and methane (Reaction 4.6).  Formic acid undergoes a similar reaction, decarboxylating 
to CO2 and H2.   
Reaction 4.6:   
 In the McCollom and Seewald (2003b) study, more CO2 was generated in 
experiments than would be expected from the degradation of formic acid alone.  To 
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explain the abundant CO2, it was proposed that acetic acid decomposes to form CO2 and 
H2 through reaction with water (Reaction 4.7),  
Reaction 4.7:  . 
 The 2-butanone (generated through Reaction 4.5) reacts with H2O to generate two 
molecules of acetic acid and three molecules of H2 (Reaction 4.8),   
Reaction 4.8:  . 
 Acetone, a ketone generated from propene, reacts with water to generate acetic 
acid and methane (Reaction 4.9),   
Reaction 4.9:  . 
 The general trend of the Figure 4.1 schematic is that starting from n-pentanoic 
acid, organic compounds are broken into smaller molecules; larger molecules are never 
created from smaller compounds.  This differs from what was observed from my 
experimental results of PAA with minerals.  Can I propose a reaction scheme based on 
my experimental results that could explain the products observed in Figure 4.1, through 
ketonic decarboxylation and electrochemical oxidation? 
Aromatic Analogs for Aliphatic Acids 
Obviously, the chemical structures of my aromatic carboxylic acids differ from 
the structure of aliphatic acids such as pentanoic acid and acetic acid.  That said, if you 
assume that the benzene ring of the aromatic acid structure does not play a dominant role 
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in the hydrothermal organic reactions of the carboxylic acids, different aromatic acids can 
be assumed analogs for the different aliphatic acids studied in McCollom and Seewald 
(2003b).  Phenylacetic acid would be a reasonable analog for acetic acid because both are 
able to create the enolate intermediate structure necessary for ketonic decarboxylation.  
The phenyl ring of PAA is not assumed to be any part of the ketonic decarboxylation 
reaction.  If I assume that PAA is analogous to acetic acid, then I can begin to relate other 
aromatic acid structures to the other 
aliphatic acids.  The different aliphatic 
carboxylic acids discussed in 
McCollom and Seewald (2003b) and 
their corresponding aromatic 
carboxylic acid structures are 
illustrated in Figure 4.2.  Benzoic 
acid, which is unable to form the 
enolate intermediate is the proposed 
analog of formic acid.  
Hydrocinnamic acid (HCA) is the 
proposed analog of propanoic acid.  
The aromatic analogs to butanoic acid and pentanoic acid are 4-phenylbutanoic acid and 
5-phenylpentanoic acid, respectively.  Though I have not investigated the analogous 
aromatic compounds for pentanoic and butanoic acid, I can discuss the results of my 
experiments with HCA, PAA, and BA as analogs of propanoic, acetic, and formic acid, 
respectively.   
 
 
Figure 4.2:  Aliphatic acids from the 
McCollom and Seewald 2003 paper and 
their aromatic analogs as currently 
investigated.  *BA may differ drastically 
from formic acid because of its benzene 
ring which can alter the overall reactivity.   
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 Assuming that PAA is a reasonable analog for acetic acid, I rewrote the reactions 
from Figure 4.1 as though acetic acid was the starting material.  This reimagined reaction 
scheme taken from Figure 4.1 is illustrated in Figure 4.3a.  In the McCollom and Seewald 
scheme, acetic acid can follow three reaction paths.  The organic acid can react with 
water to generate CO2 and H2, can decarboxylate to generate CO2 and methane, or it can 
reversibly react with H2 to generate an alkene.  Once the alkene is generated, it can either 
react with water to form an alcohol or be reduced to an alkane.  If PAA follows the same 
reaction paths as acetic acid, it can react in the same three paths.  Proposed reactions for 
PAA if it followed the McCollom and Seewald scheme are illustrated in Figure 4.3b.  An 
immediate difference in the reaction paths involves the formation of benzene as PAA 
reacts with water to generate CO2 and H2.  In my experimental results for PAA with 
magnetite, I did not see any of the products formed as a result of the alkene production 
path, but that may be a result of low H2 in my reaction mixture.  I do observe the 
formation of toluene by decarboxylation and benzene.   
 If I flip the focus from the McCollom and Seewald scheme to my own 
experimental reaction scheme, PAA can be consumed through four reaction paths.  The 
proposed reaction scheme from my own experimental results is illustrated in Figure 4.3c.  
Two PAA molecules can reaction to form the ketone, DBK.  DBK will then generate 
bibenzyl or toluene.  PAA can decarboxylate to generate CO2 and toluene.  PAA can be 
electrochemically oxidized to generate the alcohol, benzyl alcohol.  Benzyl alcohol is 
oxidized to benzaldehyde which is then hydrated to form benzoic acid.  Once benzoic 
acid exists in solution, PAA reacts with BA to form another ketone, PAPO.  PAPO can 
produce benzoic acid and toluene.  BA can decarboxylate to generate benzene and CO2.  
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If acetic acid reacts in a similar way to PAA, then acetic acid can be consumed through 
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four reaction paths.  The proposed reaction scheme for acetic acid following a reaction 
path array like PAA in the presence of magnetite is illustrated in Figure 4.3d.  Of the 
different products illustrated, only formaldehyde (CH2O) and acetaldehyde (CH3CHO) 
were not reported in McCollom and Seewald (2003b).  All the other products proposed 
through this scheme were observed.  From my results for PAA with magnetite, 
benzaldehyde was observed only in trace amounts and is suspected to react rapidly to 
form benzoic acid.  I propose that the aldehyde species of the acetic acid scheme follow a 
similar fate, being consumed in the formation of carboxylic acids. I even propose an 
additional reaction from acetaldehyde to acetic acid (Figure 4.3d, dotted arrow).  The 
conclusion I draw from this reaction schematic comparison is that if I follow the reaction 
scheme developed from experiments of PAA with magnetite, I can construct a scheme for 
acetic acid that accounts for a majority of products.  I even have a feasible explanation 
for why two compounds, formaldehyde and acetaldehyde, are unseen in the McCollom 
and Seewald results.  If I do the same, starting with the acetic acid scheme proposed by 
McCollom and Seewald, I cannot account for all the products I see in the PAA with 
magnetite experiments.  Products such as DBK and benzoic acid are not accounted for in 
this schematic.   
 I can create a similar analog scheme for HCA comparing the aromatic acid to 
propanoic acid.  My arguments for specific product distributions are made weaker by the 
fact that I was not able to identify and quantify all the products of HCA with magnetite, 
but a schematic comparison could provide some ideas of products to look for in future 
experiments with HCA.  A comparison of HCA to propanoic acid can also provide some 
ideas for where aromatic carboxylic acids may differ from aliphatic carboxylic acids.  
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The comparison 
schematic for 
propanoic acid, 
as taken from 
Figure 4.1, and 
the proposed 
scheme for HCA 
if it is truly 
analogous to 
propanoic acid 
are illustrated in 
Figure 4.4. 
 Propanoic acid 
can be consumed 
through two 
reaction paths in 
the McCollom 
and Seewald 
reaction scheme.  
Either propanoic 
acid loses formic acid to generate ethylene or is dehydrated to produce propene.  From 
propene, two more reactions are possible.  The alkene, propene, can either be reduced to 
propane or hydrated to 2-propanol.  The alcohol, 2-propanol, loses H2 to form the ketone, 
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acetone.  Acetone reacts with water to produce acetic acid and methane.  From ethylene, 
three reaction paths are available.  The alkene, ethylene, is either reduced to ethane, 
hydrated to form ethanol or hydrated to form acetic acid.  Once acetic acid is formed 
through both reaction paths, it reacts as described in Figure 4.3.  If HCA follows the same 
series of reactions as propanoic acid, then HCA would result in two different reaction 
path chains, both chains resulting in the formation of PAA.  Some differences in the 
reaction paths between propanoic acid and HCA involve the phenyl ring.  Unlike acetone, 
a symmetrical ketone, the ketone produced from the secondary alcohol in the HCA 
scheme has a phenyl group and a methyl group.  When the ketone reacts with water, it 
can proceed down two different reaction paths instead of one.  Down one path, it 
produces toluene and acetic acid.  Down the other path, it generates PAA and methane.  
Some products overlap with what was observed in the HCA and magnetite experiments.  
Ethyl benzene and PAA are both observed, along with the formation of toluene and 
benzene.  Though it may be possible that some of the products present in this reaction 
scheme exist among the unidentified products of the HCA with magnetite experiments, 
ketonic decarboxylation products are still unaccounted for in this scheme.   
 Based on my experimental investigation of PAA and HCA with magnetite and 
hematite, I suspect that the reaction scheme proposed by McCollom and Seewald is more 
complicated than was initially considered when constructing their reaction network.  If 
HCA is a representation for how small aliphatic acids react in the presence of minerals, 
then I would expect many more reaction paths and reaction products to be available from 
pentanoic acid in the presence of minerals.  In the presence of metal oxide minerals (i.e., 
magnetite) ketones should be produced from carboxylic acids.  Once ketones form, the 
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number of products can increase drastically as observed by Yang et al. (2012) in the 
study of DBK without minerals as well as Yang (2014) results with minerals.  DBK 
produces radical coupling products with 2-benzene rings (i.e. bibenzyl) and larger 3- and 
4-ring structures.  In the experiments starting with pentanoic acid (see Figure 4.1), the 
carboxylic acids, butanoic acid, propanoic acid, and acetic acid are observed.  If these 
progressively smaller carboxylic acids were formed through electrochemical oxidation, I 
could reimagine the entire McCollom and Seewald scheme. 
Ketonic Decarboxylation and Electrochemical Oxidation 
 In Figure 4.1 and summarized in Reaction 4.3, the only way to generate 
carboxylic acids is from the oxidation of a primary alkene in the McCollom and Seewald 
scheme.  This is not drastically different from the electrochemical oxidation we propose 
in Chapter 3 in terms of the overall reaction scheme.  Two water molecules are consumed 
during the reaction in either case and H2 is likely released, but the major difference would 
be the mechanism.  Currently, the McCollom and Seewald scheme would propose an 
aqueous mechanism.  If the formation of shorter chain carboxylic acids proceeds as a 
magnetite facilitated reaction, as I have observed, it should be possible to produce each 
shorter chain acid sequentially.  I have proposed a series of reactions from my 
experimental findings (Figure 4.5).  The different carboxylic acid structures observed in 
the McCollom and Seewald (2003b) experiments are highlighted in blue.  Each 
electrochemical oxidation generates CO2 and 3H2.  Pentanoic acid is consumed to 
produce butanoic acid.  Once butanoic acid is formed, the acid is consumed to form 
propanoic acid.  Once propanoic acid is formed, it is consumed to form acetic acid.  In 
Figure 4.5 I have also proposed several ketone structures that can form from reaction of 
  
  89 
acetic acid with the other longer carboxylic acids.  I consider these reactions to be similar 
to the formation of PAPO, the asymmetrical ketone, from BA and PAA in the PAA with 
magnetite experiments.  Each carboxylic acid reacts with acetic acid to form a 2-ketone 
structure.  Once each 2-ketone is formed, it can be consumed in the reformation of acetic 
acid and the generation of an alkane, highlighted in grey.  If we focus on the reaction of 
2-pentanone as an example, 2-pentanone can form acetic acid and propane.  In the 
experiments of PAPO, the ketone formed BA and toluene.  I currently assume that this is 
a result of BA stability related to PAA.  For a ketone like 2-pentanone, I do not know 
which of the carboxylic acid parent compounds, butanoic acid or acetic acid, would be 
more stable in solution.  Arrows could be drawn in this schematic regenerating butanoic 
 
 
Figure 4.5:  Reactions of carboxylic acids with acetic acid to form 2-ketone 
structures.  The carboxylic acids (blue) are generated through electrochemical 
oxidation involving magnetite.  A reverse reaction starting from the 2-ketones (grey), 
forms acetic acid and alkane products.    
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acid and generating methane, for example.  Further experiments are necessary to 
determine which carboxylic acid is favored or that matter, if either carboxylic acid will be 
formed from a ketone structure.  In the Yang (2014) experiments of DBK with magnetite, 
PAA was not observed to form until much later timepoints.  Even though reactions with 
acetic acid are a simple first step, I believe that the reactions of pentanoic acid with 
magnetite are much more complex than ketonic decarboxylation with acetic acid.   
 Before acetic acid has begun to form in pentanoic acid with magnetite 
experiments, I would propose that more ketonic decarboxylation reactions have occurred 
between the different aliphatic acids.  More ketone forming reactions are illustrated in 
Figure 4.6.  Again, pentanoic acid forms the other carboxylic acid structures through 
progressive electrochemical oxidation.  Once butanoic acid has formed, it can react with 
pentanoic acid to form an asymmetrical ketone.  The same type of reaction can occur 
between all the different carboxylic acids.  Butanoic acid can react with propanoic acid to 
form a ketone.  Propanoic acid can reaction with pentanoic acid to form a ketone.  And 
once the ketones have formed, they too can be consumed down different reaction paths.  
As Figure 4.6 is drawn, I have only included the generation of smaller alkane structures 
similar to the consumption of DBK to form CO and two molecules of toluene.  The 
ketone product of pentanoic acid and butanoic acid can form propane and butane in this 
type of reaction.  Once propane is formed, depending on the H2 fugacity of the solution, 
in can be oxidized to propene in a similar reaction as the oxidation of bibenzyl to trans-
stilbene in the PAA with magnetite experiments.  The propene can then be hydrated to 
either a primary or secondary alcohol and finally generate acetone or propanoic acid 
depending on the reaction path followed and the redox conditions of the solution.  Similar 
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reaction paths are available for all the alkanes generated from ketones, though the 
structure of the alkane determines how many different reaction paths are available.  For 
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example, ethane only has one reaction path while butane has two reaction paths.  This 
would be another example of how organic structure influences the number of products 
produced, like the many different product peaks observed in the HCA with magnetite 
experiments.  Once products are formed, they can participate as reactants in the next 
series of reactions.  As the number of different products and different functional groups 
increases in the mixture, so will the reaction path complexity.  As the number of different 
reaction paths increase, it can become difficult to determine which reaction formed an 
observed product.  Acetone is formed through the oxidation of ethane (Figure 4.6), but 
can also be formed through the ketonic decarboxylation of acetic acid (Figure 4.5).  Only 
careful study of the product distribution at early timepoints can help determine if a 
product is the result of a primary reaction or a series of reactions.  Some intermediate 
species may react quickly, as was the case with DBK in the PAA with spinel 
experiments.   
 Considering HCA as an example of aliphatic rate of decarboxylation, I suspect 
that even at long timepoints, decarboxylation will not be a major reaction for aliphatic 
carboxylic acids.  To the contrary, I believe that the alkanes observed in the McCollom 
and Seewald experiments were the result of ketone consumption to alkanes.  As I 
observed in the PAA with spinel experiments, DBK produced toluene, the 
decarboxylation product.  If I had not observed the formation of DBK, the resulting 
formation of toluene would have appeared like the normal product of decarboxylation.  
Characterization of short-lived reaction intermediates are necessary to determine the 
overall reaction network.    
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 The schematics I have proposed are by no means an exhaustive list of reactions 
for pentanoic acid with magnetite.  I am focusing only on a few of the different ketone 
formation mechanisms that I believe will result in the produce distribution seen by 
McCollom and Seewald (2003b).  The reactions of Figure 4.6 produce many of the same 
products illustrated in Figure 4.1.  The products were created without decarboxylation 
and without aggressive hydration of alkenes.  It is worthwhile to consider different 
reaction paths if they arrive at the same product distribution.   
The Formation of Longer Alkanes 
 For clarify, I did not include the formation of symmetrical ketones in Figure 4.6.  
Though larger ketone structures were not observed in the McCollom and Seewald 
scheme, I do believe that larger symmetrical ketones were formed, but were misidentified 
as something else.  Two pentanoic acid molecules should react on magnetite to form the 
symmetrical ketone, 5-nonanone (e.g, Reaction 4.10), 
Reaction 4.10:   . 
 Two molecules of butanoic acid should reaction on magnetite to form the 
symmetrical ketone, 4-heptanone (e.g., Reaction 4.11), 
Reaction 4.11:   . 
 Finally, two propanoic acid molecules should reaction on magnetite to form, 3-
pentanone (e.g., Reaction 4.12), 
Reaction 4.12:   . 
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 Once these symmetrical ketones form, it is possible that they will be reduced to 
alcohols and then then dehydrated to form alkenes.  A proposed reaction scheme for each 
symmetrical ketone is illustrated in Figure 4.7.  Depending on the H2 fugacity of the 
solution, I would 
suspect that longer 
alkane structures could 
result from the 
formation of larger 
ketones.  In the 
McCollom and 
Seewald (2003b) 
study, the presence of 
longer, unidentified 
alkane structures are observed and attributed to impurities in the minerals used in the 
mineral buffers.  The minerals used are naturally occurring and crushed before use.  It is 
possible for natural materials to contain organic impurities from inclusions, releasing 
organics during heating.  I would not fully discount the formation of alkanes from 
ketones though, especially in the presence of more reducing minerals such as iron sulfide, 
mineral present in two of the mineral buffers.  If this explanation is so, then the ketones 
illustrated in Figure 4.7 would form n-nonane, n-heptane and n-pentane.   
 
 
Figure 4.7:  Structures for symmetrical ketones from left to 
right for pentanoic acid, butanoic acid and propanoic acid.  
Reaction paths to the long n-alkane structures are also 
illustrated. 
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 Radical intermediates could also result in the formation of alkanes.  Yang et al. 
(2012) demonstrated the formation of radicals through ketones homolytic bond cleavage 
from DBK.  There are ten different ketone products possible from pentanoic acid and the 
carboxylic acid products of pentanoic acid.  The structures of those ten different ketones 
and their radical intermediates are illustrated in Figure 4.8.  From the ten ketone products 
available, there are four possible radical intermediates that can couple in ten different 
ways to form seven unique alkanes.  Some radical coupling reactions from different 
radical intermediates result in the same alkane product and can vary from two carbons in 
length, ethane, to eight carbons in length, octane.  Of course, even though DBK appears 
to form radical coupling products at hydrothermal conditions, the extent to which 
aliphatic acids will form radicals requires further experimental study.  Radical formation 
 
 
Figure 4.8:  Possible ketone structures available from the reaction of pentanoic acid 
with magnetite, radical intermediate structures, and resulting possible radical 
coupling products from those intermediates.   
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may be more favorable in DBK due to the phenyl rings of the organic structure.  If so, 
then at least the formation of longer alkanes would not be the result of radical coupling, 
but I would not remove it from the list of options until further study. 
Other Potential Decarboxylation Reactions 
 The decarboxylation of HCA did not appear to occur rapidly at hydrothermal 
conditions without minerals even after longer experimental durations.  This lack of 
decarboxylation from HCA could be the result of an intermediate structure being unable 
to form.  The production of ethyl benzene observed in experiments appeared to be 
produced from the asymmetrical ketone (Reaction 4.13), similar to what was observed 
with DBK, 
Reaction 4.13:  . 
 In Figure 4.1, pentanoic acid and butanoic acid decarboxylated through the loss of 
formic acid to form alkenes.  Perhaps for decarboxylation reactions structurally separated 
from a phenyl ring, the formation of an alkene is preferred over the formation of an 
alkane.  Some support for this idea might exist in the results of experiments beginning 
with α, α-dimethyl phenylacetic acid.  In those experiments, which were meant to support 
the importance of enolate formation in the ketonic decarboxylation, another result was 
the formation of an alkene branch in experiments of α, α-dimethyl phenylacetic acid with 
magnetite, Reaction 4.14.  
Reaction 4.14:   
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 The implication of this observation is that the variety of reaction paths available 
to a compound is based on the organic structure.  This is not a novel idea, but it has 
implications for the overall number of products available to a reactant in the presence of a 
mineral.  For example, if a carboxylic acid cannot form a stable intermediate through 
decarboxylation, the organic acid will not decarboxylate.  The same may be true for 
organic structures that combine functional groups.  Cinnamic acid (CA) is a carboxylic 
acid with a similar structure to HCA but with a double bond between the carboxylic acid 
group and the benzene ring.  The CA molecules reacted rapidly in experiments with and 
without magnetite.  At 187 h, the reactant was completely consumed.  Additional 
experiments were performed at shorter timescales, but the number of products even for 
shorter experiments, made it difficult to determine the exact timepoint when CA was 
completely consumed.  The increase in the rate of consumption and the number of 
products was obviously the result of the additional alkene moiety.  In fact, the CA 
molecule reacted too quickly to interact with the magnetite surface.  No difference could 
be observed between the product distribution with and without magnetite at 187 h.  
Organic compounds that react more slowly in solution allow enough time to interact with 
the mineral surface.  This was true for experiments of HCA with magnetite.  Without the 
decarboxylation reaction competing to consume HCA, more HCA molecules were able to 
interact with magnetite to form different product pathways.  A combination of organic 
structure and mineral properties will determine the types of reactions available, the 
number of products formed and the abundance of those products. 
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A Caveat of Sulfide Mineral Effects 
 Though I have been proposing reactions involving magnetite, I am aware that two 
out of the three mineral buffers used in the McCollom and Seewald (2003b) experiments 
contained iron sulfide minerals.  Though I do believe that magnetite, which was present 
in all three mineral buffers, was causing the formation of ketones, I recognize that iron 
sulfides can also change the product distribution.  I have performed some experiments 
with sulfide minerals, but not to the 
extent that I could generate a 
reaction scheme.  Data points for 
experiments of HCA with pyrite are 
plotted in Figure 4.9 (Table 4.2).  
Compared to experiments of HCA 
with magnetite, more ethyl benzene 
was produced in the HCA with 
pyrite experiments.  The number of 
products in the HCA with pyrite 
experiments exceeded what I 
observed in the results of HCA with magnetite.  No symmetrical or asymmetrical ketone 
peaks was observed.  I suspect many of the products formed to be alkanes, but cannot 
support my claim with product identification.   
 Experiments of PAA with ZnS did not differ from the results of PAA alone at the 
25 h timepoint.  The same ZnS mineral transformed trans-dimethyl cyclohexane into its 
cis-  form and vice versa (Shipp et al. 2014).  In the case of PAA, I assume that the lack 
 
Figure 4.9:  Concentration of ethyl benzene 
(filled circles) as a function of time for HCA 
experiments with pyrite (yellow), magnetite 
(black) and with minerals at hydrothermal 
conditions (300°C and 1 kbar). 
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of chiral carbons meant that any transfer in the hydrogen atoms was unnoticeable.  Even 
though ZnS is a semiconductor material, like magnetite, it did not result in the formation 
of BA from PAA. 
 
Table 4.2. Starting material and products for HCA with pyrite experiments 
Time (h) Mineral 
Mineral  
(mg) 
HCAa Initial  
(mg) 
HCAa Final  
(mole %) 
EBb 
(mole %) 
358.5 pyrite 99.02 32.64 41.6 18.9 
522.25 pyrite 98.81 32.72 20.9 21.3 
a HCA = hydrocinnamic acid 
b EB = ethyl benzene 
 
 There is a great deal I do not yet understand about the role of sulfide minerals in 
organic reactions.  In the case of the McCollom and Seewald (2003b) experiments, 
certain redox reactions may be more favored due to the presence of the sulfide minerals.  
The best way to determine the role of these minerals is to perform experiments with 
individual iron sulfides and organic compounds to create an inventory of possible 
reaction paths.  I have no doubt that once that inventory exists and more minerals are 
mixed together, new reaction paths will become available.  Proof of these new paths may 
already exist in the McCollom and Seewald (2003b) experimental results, but it is too 
difficult to deconvolute those findings without a background information regarding a 
simplified system.   
 Though more work must be done to determine the effect that sulfide minerals 
have on organic reactions, I will continue the current argument assuming magnetite plays 
a key role in creating the product diversity of the reaction mixture.  Such assumptions 
may very well be proven incorrect, but are necessary to determine the extent to which 
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different minerals influence a complicated reaction network.  Additionally, at least one of 
the mineral buffers used lacked any sulfide minerals at all (Table 4.1, HM).  As a mixture 
of only hematite and magnetite, I am convinced that ketones were formed in the reactions 
involving this metal oxide buffer.     
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CHAPTER 5 
THERMODYNAMIC CALCULATIONS AND WAYS FORWARD 
Thermodynamic Calculations as Support for Experimental Results 
 In Chapter 4, I proposed an alternate series of reactions to explain the product 
distribution observed in the pentanoic acid experiments of McCollom and Seewald 
(2003b).  I mentioned the need for further experiments, but experiments alone may not be 
enough to determine which types of reactions will be favored at a specific set of 
temperatures and pressures.  Thermodynamic calculations using the Helgeson-Kirkham-
Flowers (HKF) equation of state for aqueous species through use of software packages 
like CHNOSZ (Dick 2008) and SupCRT92 (Johnson et al. 1992) could be a useful tool 
for predicting reactions in solution.  I have begun by calculating the log K values for 
reactions involving the carboxylic acids of the McCollom and Seewald (2003b) study, as 
a function of temperature.  The value of K, the equilibrium constant, is a ratio of products 
over reactants when a reaction reaches equilibrium.  The values of K were plotted on the 
log scale so that reaction mixtures that favor reactants at equilibrium will have a negative 
value and reaction mixtures that favor products at equilibrium will be positive.  At K = 1, 
the ratio of products to reactants is equal.  On a log scale, this is the point that log K = 0.  
At K < 1, in a mixture of reactants and products, the reactants are favored.  On a log 
scale, this is log K < 0.  At K > 1, in a mixture of reactants and products, the products are 
favored.  On a log scale, this is when log K > 0.  The role the mineral plays in a reaction 
cannot be determined through calculations like these.  Details regarding the role of the 
mineral and the mechanism of those reactions requires additional experiments and in situ 
analysis techniques.  Instead, thermodynamic calculations can show you if a reaction is 
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thermodynamically favorable or not.  If a mineral is acting as a catalyst, then it should not 
activate reaction paths for an organic compound unless those reaction paths were already 
thermodynamically viable.  A catalyst will only lower the activation energy for a 
reaction, not create new reaction paths.  This statement is only true if the mineral is acting 
as a catalyst.  If the mineral is acting as a reactant in the reaction, then of course new 
reactions may be possible, but the mineral will be consumed in the process.  The 
consumption of the mineral would need to provide some kind of thermodynamic drive if 
it activates a reaction that was otherwise unfavorable.   
 If a reaction, as written, is not thermodynamically favorable, then it is less likely 
to occur or will occur with very low concentration of products.  Many different reactions 
can be written to arrive at the same product.  If a written reaction is unfavorable, but the 
product is formed in experiments at high concentrations, then you have not written the 
correct reaction.  When that occurs, it is time to rethink the reaction scheme that was 
proposed.  This line of reasoning is behind my current set of calculations.  I proposed that 
the presence of magnetite should result in ketones from carboxylic acid.  The following is 
a set of preliminary calculations to determine if there is thermodynamic support for the 
reactions I have proposed, based on my experimental results, against the McCollom and 
Seewald (2003b) scheme.  I have compared calculations for the reactions I propose 
against the reactions illustrated in Figure 4.1. 
Selected Reactions of Pentanoic, Butanoic, and Propanoic Acid 
 Calculated log K values for reactions of carboxylic acids as illustrated in Figure 
4.1 and Figure 4.5 are plotted in Figure 5.1.  The figure is divided into three plots that 
represent each of the aliphatic acids in the McCollom and Seewald scheme: pentanoic 
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acid, butanoic acid, and propanoic acid.  Reactions above the dotted grey lines (dark 
orange, light orange, and dark blue) are the reactions proposed by McCollom and 
Seewald (2003b).  Reactions below the dotted grey line (green, purple, and light blue) are 
reaction paths I have proposed based on the types of reactions observed in my 
experimental work.  All calculations were performed at a temperature range of 20 - 
 
 
Figure 5.1:  Predicted equilibrium constants (K) as functions of temperature at 1 kbar 
for aqueous reaction that can potentially consume and generate carboxylic acids.  
Calculations used the revised Helgeson-Kirkham-Flowers (HKF) equation of state for 
aqueous species with thermodynamic data and HKF parameters from Shock et al. 
(1989), Shock and Helgeson (1990), and Shock (1995). 
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350°C and 1000 bar pressure.  All three plots in Figure 5.1 are very similar.  Butanoic 
acid is consumed to form propene and formic acid.  The same reaction generating 
propene was written to include the final formation of H2 and CO2 from formic acid.  Both 
log K curves exist in the negative log K region of the plot, favoring reactants over 
products.  Propene is expected to react with water to form propanoic acid and H2. The log 
K curve, though less negative than the curve for the formation of propene, is still within 
the negative region of the plot.   On the other hand, the log K for formation of 2-
pentanone from the ketonic decarboxylation of butanoic acid with acetic acid is negative 
at lower temperatures, but crosses into the positive region at temperatures higher than 
~210°C.  The log K for consumption of 2-pentanone to form butanoic acid and methane 
is positive at all temperature ranges.  Similarly, decarboxylation of butanoic acid to 
propane is positive at all temperature ranges.  I proposed in Chapter 4 that 
decarboxylation may not occur from the aliphatic carboxylic acids, but this calculation 
seems to contradict that proposal.  It is important to note that thermodynamic calculations 
are not the same as kinetic rates of reaction.  Even if a reaction is thermodynamically 
favorable, the kinetic rate may be very slow.  So, even though decarboxylation is 
thermodynamically favorable, the rate of reaction may be slower than other competing 
reactions like ketonic decarboxylation on metal oxide minerals.   
Selected Reactions for Acetic Acid 
 I highlighted the reactions available to acetic acid according to the McCollom and 
Seewald (2003b) scheme in Figure 4.3a and the reactions to generate acetic acid in Figure 
4.1.  The log K for reactions that can either generate or consume acetic acid as described 
in Figures 4.1 and 4.3a are plotted in Figure 5.2.  Reactions that generate acetic acid are 
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plotted in Figure 5.2a.  In one reaction path, 2-butanone is consumed to form two 
molecules of acetic acid and three molecules of H2.  The 2-butnanone consumption 
reaction has a negative log K value in the calculated temperature range.  Acetic acid can 
also be formed through the hydration of ethylene in the scheme.  Similarly, the ethylene 
to acetic acid reaction path has a negative log K in the temperature range, but becomes 
less negative at higher temperatures.  The consumption of acetone to acetic acid and 
methane has a positive log K at all temperatures calculated.  Though this reaction was not 
specifically proposed in the McCollom and Seewald (2003b) study, it is a likely reaction 
to propose given their other reaction paths.  Another path to acetic acid from acetone 
would require consumption of three H2O to form formic acid, three H2, and acetic acid in 
 
 
Figure 5.2:  Predicted equilibrium constants (K) at 1 kbar as function of 
temperature for (a) reactions that produce acetic acid, and (b) reaction in which 
acetic acid is consumed, distilled from the reaction scheme distilled in Figure 4.1.  
Calculations were performed with thermodynamic data and HKF parameters from 
the sources listed in Figure 5.1. 
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a reaction very similar to the formation of acetic acid from 2-butanone.  The initial 
calculation for that reaction has a negative log K at temperatures within the current range.  
For the purpose of argument, I assume that the consumption of acetone as currently 
plotted is the reaction proposed by McCollom and Seewald (2003b).   
 Reactions that consume acetic acid are plotted in Figure 5.2b.  Decarboxylation of 
acetic acid to methane and CO2 is like the decarboxylation reactions of the other aliphatic 
acids plotted in Figure 5.1.  The log K for decarboxylation is positive throughout the 
calculated temperature range.  In comparison, the production of CO2 and H2 from acetic 
acid and water has a negative log K value for all temperatures within the calculated 
range.  This reaction was initially proposed to account for the larger amount of CO2 
observed in the pentanoic acid experiments with mineral buffers.  If oxidative 
decarboxylation and ketonic decarboxylation are occurring in the pentanoic acid 
experiments, then this would also result in a larger concentration of CO2.  In the reaction 
chain from pentanoic acid to acetic acid through electrochemical oxidation, three CO2 
would be generated from each pentanoic acid.  During every ketonic decarboxylation, a 
CO2 is generated.  Considering how negative the log K appears to be for the reaction of 
acetic acid to CO2 and H2, I believe that oxidative decarboxylation and ketonic 
decarboxylation are more likely to be occurring in the presence of minerals. 
 Calculations for selected reactions that can generate or consume acetic acid 
through ketones are plotted in Figure 5.3.  Once 2-ketone structures are formed through 
the ketonic decarboxylation of different aliphatic acids with acetic acid (Figure 5.1), 
those ketones can be consumed to form acetic acid and an alkane (Figure 4.5 and Figure 
5.3).  The consumption of 2-butanone, 2-pentanone, and 2-hexanone have positive log K 
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values that are quite similar (Figure 5.3a).  An example reaction would be the formation 
of acetic acid and propane from 
2-pentanone.  The consumption 
of acetone to acetic acid and 
methane as plotted in Figure 5.2 
is included for comparison.  
Based on results from my own 
experiments, with PAA, I would 
propose the same reaction in 
experiments containing acetic 
acid.  The formation of 2-
ketones is the same as shown in 
Figure 5.1 but focuses on the 
consumption of acetic acid 
rather than the consumption of 
the aliphatic acid.  Acetic acid 
decarboxylation is included as 
well because like the McCollom 
and Seewald (2003b) study, I 
would expect acetic acid to 
decarboxylate during 
experiments.   Though the calculated log K values for the formation of the 2-ketones and 
acetone are within the positive log K region, I did not observe the formation of ketones 
 
 
Figure 5.3:  Predicted equilibrium constants (K) 
for at 1 kbar (a) reactions in which 2-ketones are 
hydrolyzed to acetic acid and alkanes, and (b) 
ketonic decarboxylation reactions in which acetic 
acid and another carboxylic acid react to yield a 2-
ketone, CO2, and H2O.  That that the equilibrium 
constants can be quite similar for these types of 
reactions.  The decarboxylation reaction of acetic 
acid are also shown in b.  Calculations were 
performed with thermodynamic data and HKF 
parameters from sources given in Figure 5.1. 
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without a mineral surface.  If metal oxides are catalysts for the ketonic decarboxylation of 
carboxylic acids, then that would mean that the catalyst is lowering the activation energy 
of ketonic decarboxylation.    
Selected Reactions of 2-Butanone 
 Calculations for selected reactions that consume and generate 2-butanone 
structure are plotted in Figure 5.4.  Aside from acetone, 2-butanone is the only other 
ketone structure discussed in the McCollom and Seewald (2003b) study.  Reactions of 2-
butanone as proposed by McCollom and Seewald (red and pink) are compared to 
reactions I propose (purple and blue).   The formation of 2-butanone in Figure 4.1 is 
generated from the oxidation of 2-butanol.  Calculations for the oxidation of 2-butanol to 
2-butanone result in a negative log K across the temperature range.  By comparison, the 
formation of 2-butanone through ketonic decarboxylation has a positive log K at 
temperature above ~210°C.  The consumption of 2-butanone to form acetic acid and H2 
results in a negative log K value at all temperatures calculated.  If 2-butanone is 
consumed to generate a carboxylic acid and an alkane, the log K of reaction is positive at 
all the temperatures calculated.  
 I have proposed several different reactions where the ketone generates a 
carboxylic acid and an alkane.  For 2-butanone this reaction could either involve the 
formation of propanoic acid and methane, or the formation of acetic acid and ethane.  In 
my PAA and magnetite experiments, the ketone, PAPO, was consumed to form benzoic 
acid and toluene.  The formation of PAA and benzene was not observed from the 
consumption of PAPO.  In the study of DBK with magnetite (Yang 2014), carboxylic 
acids were not a major product.  PAA and BA were observed but only after very long 
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timepoints with magnetite.  From DBK, the carboxylic acid generated from this reaction 
would be PAA.  Currently, it is uncertain why the formation of PAA from ketones was 
not observed.  Either, the formation of PAA from ketones was not observed as a result of 
the specific structural properties of PAA, or the formation of carboxylic acids is a less 
kinetically favorable reaction for all ketone structures.  If the second explanation is true, 
then that would mean that the formation of BA from PAPO was a result of BA being 
 
 
Figure 5.4:  Calculated equilibrium constants (K) as functions of temperature at 1 
kbar for the aqueous ketonic decarboxylation reaction forming 2-butanone from 
propanoic and acetic acids, together with four other reactions through which 2-
butanones is consumed.  Values of log K were calculated with thermodynamic 
data and HKF parameter from sources given in Figure 5.1.  
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more stable than other potential carboxylic acid structures.  I disagree with this assertion 
due to my experimental evidence that HCA is more stable in solution than BA.  BA will 
decarboxylate almost completely after 14 days.  HCA remains mostly unconsumed after 
30 days.  Of the carboxylic acids I have studies, PAA had the fastest rate of 
decarboxylation.  The Glein (2012) mechanism for PAA decarboxylation involves 
protonation of the benzene ring, a mechanistic step that would not be possible for 
aliphatic acids and was not possible in HCA experiments.  This considered, PAA may not 
be produced from PAPO and DBK due to its aromatic structure.  If PAA is a special case, 
it may be possible to see both propanoic acid and acetic acid as products of 2-butanone 
during pentanoic acid experiments.  The log K of both reactions is positive.  In the 
Seewald scheme (2001; 2003), carboxylic acids are formed from ketones.  I have 
demonstrated with my experimental work that ketones can also be generated from 
carboxylic acids in the presence of a metal oxide surface.  Though, if ketones can be 
consumed in the formation of a carboxylic acid and an alkane, the Seewald scheme 
would be partially correct.  As opposed to the generated carboxylic acid decarboxylating 
to form the alkane, an alkane can be generated from the ketone instead.  This was shown 
through DBK experiments (Yang 2014), but does not necessarily need to be the result of 
radical products.  More than one reaction could lead to the array of products observed in 
the pentanoic acid experiments and natural systems.   
Continued Calculations 
 Next steps for this type of thermodynamic argument would be to continue 
calculations for all the organic reactions illustrated in Figure 4.1.  The calculations 
presented in this chapter have been focused on the reactions of carboxylic acids and 
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ketones, continuing the theme of my work.  Though I have calculated all the different 
reactions of the McCollom and Seewald (2003b) study, many of the reactions involve 
some formation or consumption of H2.  More detailed calculations are necessary to 
determine if those reactions are favorable in the redox conditions of the McCollom and 
Seewald mineral buffers.  As I mentioned in Chapter 4, the influence of iron sulfide 
minerals cannot go ignored indefinitely.  Experiments involving iron sulfide minerals 
combined with more thermodynamic calculations is an obvious direction that needs to be 
explored. 
 I discussed calculations regarding the formation and consumption of ketones.  To 
create all the different ketone structures discussed in Figure 4.8 requires that all the 
different carboxylic acids exist in solution.  In my PAA experiments, I observed the 
formation of BA in the presence of magnetite.  This electrochemical oxidation would 
provide a new reaction path for the formation of carboxylic acids.  I have attempted 
preliminary calculations for those types of reactions, but cannot compare different 
mechanistic explanations.  I discussed in Chapter 3 that if the mineral acts as a 
semiconductor for electrons, eventually something will need to be reduced.  In the case of 
magnetite, I proposed that this reaction would result in the formation of H2 through the 
reduction of protons on the mineral surface (e.g., Reaction 5.1), 
Reaction 5.1:  . 
 Calculated log K values for aliphatic acids written like Reaction 5.1, were 
negative in temperature ranges between 20 - 350°C.  An additional explanation for the 
formation of shorter chain carboxylic acids would be the formation of protons in solution 
and electrons reducing a metal in solution.  Calculations for the reduction of Fe(III) to 
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Fe(II), as I propose may be occurring on the surface of hematite had a positive log K 
value.  The reaction I believe to be occurring where magnetite temporarily holds 
electrons within its structure cannot be calculated (e.g., Reaction 5.2), 
Reaction 5,2:  . 
 For this scenario, the calculations are limited.  It is possible that the simple 
answer, that magnetite is reduced during the PAA experiments may be the real 
explanation, but I believe that further experiments are necessary before drawing that 
conclusion.    
A Fundamental Approach and Future Ideas  
 The pentanoic acid example demonstrates just how complicated a reaction scheme 
can be for any carboxylic acid starting material.  To deconvolute all the data observed 
from such a series of reactions requires quantification of each product formed.  For PAA 
and magnetite experiments, the only way to determine the reaction scheme was to 
monitor the formation of each product through a time series.  Too few time point 
measurements could result in losing track of a reaction.  I observed this scenario with 
both the formation of BA with magnetite and for the formation of DBK in the spinel 
experiments.  Both BA and DBK were being consumed as intermediates for secondary 
reactions.  Without shorter time points, the products of those secondary reactions could 
have been attributed to a different reaction.  Deconvoluting information in the relatively 
simplified PAA system required careful monitoring of products and intermediates.  The 
same level of analysis is necessary for more complicated systems. 
 Even though the PAA experiments were simplistic compared to aliphatic acids, 
the results of the PAA experiments has helped to understand the results of experiments 
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with HCA and possibly pentanoic acid.  I have demonstrated over and over that 
structurally different organic acids will result in different arrays of products and available 
reactions.  A fundamental approach is a powerful tool when attempting to break down a 
complicated reaction scheme filled with many different products and reaction paths into 
smaller pieces.  Without information regarding simplified versions of the system, 
understanding a natural system can seem impossible.   
 My future work will continue down this path of breaking complex systems into 
smaller parts.  I used this approach when choosing spinel and magnetite.  I held the 
structure constant, allowing the other properties of the mineral to vary.  I plan to 
determine which properties or combination of properties control how a mineral interacts 
in organic reactions.  With that knowledge, I could begin to predict the variety of 
reactions available based on the properties of the system.   
 There is a staggering amount of experiments and calculations needed to reach that 
predictive pinnacle.  Both the minerals and organic compounds studied will alter the 
reaction paths, products, and rate of reaction.  Ways to quickly inventory properties 
would be a fruitful investment.  For example, mineral affinity columns could be used to 
inventory the adsorption of different organic compound classes in the presence of 
different mineral powders.  Affinity chromatography is already used in biochemistry.  If 
the technology is adapted for different varieties of minerals at different size fractions, 
many different properties could be probed.  A solution of organic compounds could be 
run through the column.  Organics with fast retention times have a low affinity for the 
mineral in the column.  Additional properties like pH, ionic strength, and concentration 
could be tested this way.  If the column is built in a way that could withstand different 
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temperatures, then the affinity for certain compounds could be tested at temperature.  Of 
course, at higher temperatures, certain compounds would react, but then the column 
could act as a flow through reactor instead, limiting the number of secondary products.  
Inventory techniques, like an affinity column, could help inform useful combinations of 
organic compounds and minerals to use in experiments.   
 In terms of properties, I mentioned ionic strength.  When attempting to interpret 
natural systems, the effect of dissolved salts, electrolytes, in solution is also a part of the 
system.  As I stated, I perform fundamental experiments with the goal of interpreting 
organic reactions in natural systems.  Though I have not explored the topic of dissolved 
salts exhaustively, I have performed some experiments starting with PAA and NaCl. The 
results of the PAA and NaCl 
experiments are plotted in Figure 
5.5 (Table 5.1).  PAA is consumed 
more rapidly in experiments 
containing NaCl.  Toluene is 
produced at a faster rate as well 
compared to PAA results without 
NaCl.  No additional products were 
formed in the PAA with NaCl 
experiments, but the rate of 
decarboxylation did appear to 
increase.  Experiments from Glein 
(2012) for PAA with HCl follow a 
 
 
Figure 5.5: Concentration of PAA (open circles) 
and toluene (filled circles) vs. time.  PAA with 
NaCl (green) results are compared to PAA with 
HCl (yellow) from Glein 2012.  The 
concentrations for toluene (long dash lines) and 
PAA (short dashed lines) are included for 
reference.   
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similar trend in PAA consumption and toluene production.  I do not currently know what 
caused the increased rate of toluene production in the experiments containing NaCl or if 
the similarity with HCl results is coincidental.  Obviously, more experiments with 
dissolved salts are necessary to determine the extent that ions have on reaction rates and 
product distributions.  In electrochemical reaction cells, dissolved salts are used to 
conduct electrons in solution.  I am planning to pursue the influence of a mineral’s band 
gap on organic reactions in electrochemical reaction cells using in situ spectroscopy, such 
as Raman.  Initially, I was concerned that the presence of salts would negatively impact 
organic reactions on the mineral surface.  Though this may be a drawback of the 
approach, I believe it can also be a feature.  By altering the electrolyte composition of the 
solution, I can also probe the effect of salts on organic reactions and mineral availability 
during reaction.  If salts bind competitively to a mineral surface, some organic reactions 
may be unavailable in the natural environment.  This is a facet I could not pursue in my 
current hydrothermal research, but with use of electrochemical cells and flow-through 
reactors, I can continue to probe the properties that influence organic reactions in the 
natural environment.   
Table 5.1. Starting materials and product distributions for PAA with NaCl experiments 
Time 
(h) 
NaCl 
(mg) 
Magnetite 
(mg) 
PAAa Initial 
(mg) 
PAAa Final 
(mole %) 
TOLb 
(mole %) 
DBKc 
(mole %) 
2 12.86 - 28.08 79.4 14.8 - 
8 12.68 - 28.25 50.2 47.6 - 
18 12.60 - 28.38 21.9 70.3 - 
38 12.35 - 28.54 13.5 89.9 - 
51 12.23 - 27.83 9.98 90.3 - 
       
18 12.73 14.66 28.58 21.3 77.1 1.17 
a PAA = phenylacetic acid 
b TOL = toluene 
c DBK = dibenzyl ketone 
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APPENDIX A  
SEM IMAGES OF SPINEL POWDERS USED IN EXPERIMENTS 
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 SEM images of spinel (MgAl2O4) purchased from Alfa Aesar.  The starting 
powder contained nano-particulate and needed to be cleaned.  The powder imaged is the 
final yield after sonication, powdering by McCrone mill, and size separation prior to use 
in experiments.  Spinel mineral grains range in size from 15 µm to 50 µm.  The BET 
surface area was measured as 0.6034 m²/g from a 1.0595 g sample. 
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APPENDIX B  
SEM IMAGES OF MAGNETITE POWDER USED IN EXPERIMENTS 
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 Images of magnetite (Fe3O4) powders purchased from Alfa Aesar prior to use in 
experiments.  The grain sizes range from 50 nm to 300 nm.  The BET surface area of the 
powder is 7.8241 m²/g measured from a 1.5629 g sample of powder. 
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APPENDIX C 
SEM IMAGES OF HEMATITE POWDER USED IN EXPERIMENTS  
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 Images of hematite (Fe2O3) powders purchased from Alfa Aesar prior to use in 
experiments.  The grain sizes range from 100 nm to 200 nm.  The BET surface area of the 
powder is 12.8952 m²/g from 1.0050 g of sample powder. 
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APPENDIX D 
SEM IMAGES OF CORUNDUM POWDER USED IN EXPERIMENTS  
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 The following images are for corundum (Al2O3) synthetic powder as purchased 
from Alfa Aesar prior to use in experiments.  The grains range in size from 5 µm to 50 
µm.  BET surface area of powder was 5.2774 m²/g from a 0.9909 g sample of powder. 
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APPENDIX E 
SEM IMAGES OF QUARTZ POWDER USED IN EXPERIMENTS  
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 Images of quartz (SiO2) powders purchased from Alfa Aesar prior to use in 
experiments.  The grain sizes range from 400 nm to 2 µm.  The BET surface area of the 
powder is 5.6585 m²/g measured from 0.3936 g of sample powder. 
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APPENDIX F 
SEM IMAGES OF SPHALERITE POWDER BEFORE EXPERIMENTS  
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 Images of sphaelerite (ZnS) powders purchased from Alfa Aesar prior to use in 
experiments.  The grain sizes range from 3 µm to 5 µm.  The BET surface area of the 
powder is 12.6777 m²/g measured from 1.1810 g of sample powder. 
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APPENDIX G 
SEM IMAGES OF SPHALERITE POWDER AFTER EXPERIMENTS  
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 Images of sphaelerite (ZnS) powders after use in experiments.  The morphology 
appears to change in the same way both with and without organic compounds present in 
hydrothermal reactions.  The grain sizes range from 500 nm to 2 µm.  The BET surface 
area after reaction was not measured. 
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